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ABSTRACT OF DISSERTATION 
 
 
 
 
VISUALIZATION AND CHARACTERIZATION OF ULTRASONIC CAVITATING 
ATOMIZER AND OTHER AUTOMOTIVE PAINT SPRAYERS USING INFRARED 
THERMOGRAPHY 
 
The disintegration of a liquid jet emerging from a nozzle has been under 
investigation for several decades. A direct consequence of the liquid jet disintegration 
process is droplet formation. The breakup of a liquid jet into discrete droplets can be 
brought about by the use of a diverse forcing mechanism. Cavitation has been thought to 
assist the atomization process. Previous experimental studies, however, have dealt with 
cavitation as a secondary phenomenon assisting the primary atomization mechanism. In 
this dissertation, the role of the energy created by the collapse of cavitation bubbles, 
together with the liquid pressure perturbation is explicitly configured as a principal 
mechanism for the disintegration of the liquid jet. A prototype of an atomizer that uses 
this concept as a primary atomization mechanism was developed and experimentally 
tested using water as working fluid.  
The atomizer fabrication process and the experimental characterization results are 
presented. The parameters tested include liquid injection pressure, ultrasonic horn tip 
frequency, and the liquid flow rate. The experimental results obtained demonstrate 
improvement in the atomization of water. 
To fully characterize the new atomizer, a novel infrared thermography-based 
technique for the characterization and visualization of liquid sprays was developed. The 
technique was tested on the new atomizer and two automotive paint applicators. The 
technique uses an infrared thermography-based measurement in which a uniformly 
heated background acts as a thermal radiation source, and an infrared camera as the 
receiver. The infrared energy emitted by the source in traveling through the spray is 
attenuated by the presence of the droplets. The infrared intensity is captured by the 
receiver showing the attenuation in the image as a result of the presence of the spray.  
The captured thermal image is used to study detailed macroscopic features of the 
spray flow field and the evolution of the droplets as they are transferred from the 
applicator to the target surface.  In addition, the thermal image is post-processed using 
 theoretical and empirical equations to extract information from which the liquid volume 
fraction and number density within the spray are estimated. 
 
KEYWORDS:  Atomization, Cavitation, Infrared Thermography,  
Volume Fraction, Number Density. 
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CHAPTER ONE 
1.0 INTRODUCTION  
The automotive coating process requires fine atomization to ensure an outstanding 
coated surface finished quality, higher paint transfer efficiency, and reduction in volatile 
organic compound (VOC) emission (Im et al., 2001). The atomization process determines 
the quality of a finished surface. The appearance (color, gloss, and texture) of a coated 
surface greatly affects a customer’s perception of product quality (McKnight and Martin, 
1997). Moreover, customer expectations for the attributes given by the appearance of 
coatings increase continually as manufacturers compete to provide those surfaces that 
offer enhanced surface characteristics. Coating composition, together with application 
procedures, film formation processes, and coated surface characteristics determine the 
appearance of a coating film (Bruan and Fields, 1994).  
Automotive coatings are generally applied in the form of paint sprays, using spray 
atomizers. Paint sprays are droplet systems which consist of a large number of paint 
droplets dispersed in a carrier gas, often air or a mixture of air and the vapor of the 
volatile components of the paint. The liquid paint droplet distribution in the gas phase 
during transfer from the applicator to the target surface influences film-build consistency. 
This needs to be maintained to minimize paint applicator-related coating defects. The 
distribution of the liquid and gas phases in the time-spaced domain is described by the 
liquid volume fraction vf  (Frohn and Roth, 2000). The liquid volume fraction vf  is 
defined as the ratio of equivalent volume of the liquid to a given volume of the gas and 
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liquid mixture (Sirignano, 1999). The droplet number density is defined as the number of 
liquid droplets per unit volume.   
Understanding the atomization process and how the paint droplets are transferred 
from the applicator to the target surface helps in the improvement of the paint application 
process with the prevention and reduction in paint application-related defect. Ensuring 
increased transfer efficiency and improvement in coated surface quality require 
continuous improvement in the application process and reformulation of the paint, 
especially for metallic paints to satisfy consumer demands. The solutions for these 
problems require multiple approaches—such as new paint formulation, operation 
optimization, new paint applicator designs, and improved understanding of the paint 
droplet transfer process. The ability to visualize the internal structures of the paint spray 
transfer process is vital to understanding the role that the atomization mechanisms have 
on the evolution of the paint droplets as they travel from the paint applicator to the target 
surface. This dissertation, therefore, seeks to address some of these issues by focusing on 
a new paint applicator design and the visualization and characterization of the paint spray 
transfer process. 
 
1.1 RESEARCH OBJECTIVE 
The main objective of this dissertation is to tackle two of the issues related to the 
efficacy of automotive paint spray mentioned above, namely a new paint atomizer design 
and a paint spray transfer process visualization and characterization.  The new paint 
atomizer known as Ultrasonic Cavitating Atomizer (UCA) uses the energy generated by 
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the collapse of cavitation bubbles together with pressure modulation of the exiting liquid 
jet to produce droplets. This dissertation identifies the role that the energy created by the 
collapse of ultrasonically generated cavitation bubbles plays in the disintegration of 
liquid jets and the development and fabrication of an atomizer that uses ultrasonically 
driven cavitation to enhance liquid jet disintegration.   
Secondly, a novel thermography-based visualization and characterization 
technique was developed. The technique allows the visualization of the internal structures 
and the macroscopic features of the paint spray transfer process. In addition, the paint 
droplet volume fraction and the paint droplet number density inside the spray are 
computed by the new technique. This provides quantitative information about the droplet 
distribution inside the continuous gas phase.  The novel visualization and characterization 
technique was applied to the new atomizer and two other automotive paint applicators. 
These two automotive paint applicators, which are currently in use in most automotive 
painting processes, consist of a high-speed rotary bell atomizer and a High Volume Low 
Pressure (HVLP) air-assisted atomizer. 
The high-speed rotary bell atomizer and the UCA both produce axisymmetric 
sprays. The HVLP air-assisted atomizer, however, produces a fan-shaped spray. 
Centrifugal forces are the main atomization mechanism of the high-speed rotary bell 
atomizer. The UCA uses pressure forces in addition to pressure modulation and the 
energy created by the collapse of cavitation bubbles to achieve atomization. The HVLP 
air-assisted atomizer utilizes air pressure forces to achieve atomization. 
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1.2  LITERATURE REVIEW 
Spray atomization, spray characterization, spray visualization, and infrared 
thermography have been studied for decades and much has been written about these 
subjects. The literature review is thus grouped as follows: spray atomization is presented 
in section 1.2.1, which includes the phenomenon of liquid jet breakup, effects of nozzle 
cavitation, and oscillating pressure field on the liquid jet breakup. In Section 1.2.2, the 
characterization of liquid spray is presented, which includes droplet size distribution, 
sampling, and measurement techniques. Section 1.2.3 reviews spray visualization 
methods, and section 1.2.4 reviews infrared thermography and its principles and 
applications in thermo-fluid dynamics.  
 
1.2.1 SPRAY ATOMIZATION 
A spray is generally considered as a system of droplets immersed in a gaseous 
continuous phase (Lefebvre, 1989). There are many occurrences of spray phenomena in 
power and propulsion applications, industrial applications, and nature (Sirignano, 1993).  
Sprays are produced as a result of atomization, which is defined as the disintegration of 
liquid into droplets (Lefebvre, 1989; Liu, 2000). Atomization of a liquid into discrete 
droplets can be brought about by the use of diverse mechanism like aerodynamic, 
mechanical, ultrasonic, or electrostatic forces. For example, the breakup of a liquid into 
droplets can be achieved by the impingement with a gas in two-fluid atomization, by 
centrifugal forces in rotary atomization, by ultrasonic vibration utilizing a piezoelectric 
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transducer in ultrasonic atomization, or by electrostatic/electromagnetic fields in 
electrostatic/electromagnetic atomization.  
Atomization processes may also be classified according to the energy used to 
produce the instability on the liquid element. For example, pressure energy in the case of 
pressure atomization, centrifugal energy for rotary atomization, gaseous/fluid energy for 
two fluid atomization, and vibratory energy for ultrasonic or acoustic atomization 
(Lefebvre, 1989; Liu, 2000). 
When a liquid is sprayed, it forms ligaments due to the interaction of the surface 
tension and the air resistance (Lefebvre, 1989). The surface tension breaks the liquid jet 
into individual droplets that are capable of holding themselves together at their velocities. 
Very large droplets once formed will split further if the surrounding ambient resistance 
overcomes the surface tension. In the vast majority of industrial processes air assisted 
atomizers are used, where compressed air supplies the required energy for atomizing the 
liquid.  
 
1.2.1.1  THE PHENOMENON OF LIQUID JET BREAKUP 
The phenomenon of the breakup of a liquid jet emerging from a nozzle has been 
under investigation for several decades. The breakup of a liquid jet is the process 
whereby a mass of liquid is accelerated through a small orifice (nozzle) into a continuous 
gas phase. The jet is dynamically broken up into a large number of tiny droplets. The 
complexity of the jet breakup process is due to the large number of parameters which 
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influence it, including the physical properties of both the liquid and the gas phases, the 
velocities and temperature of the fluid, and the nozzle geometry (Reitz, 1978).  
Because of the importance of sprays in many technological applications, a vast 
amount of literature has accumulated on the subject including several extensive reviews 
which are available via (Ranz, 1956; DeJuhasz, 1960; Lapple et al., 1967; Tate, 1969; Lin 
and Reitz, 1998; Lasheras, and Hopfinger, 2000; Smallwood and Omer, 2000) and 
numerous books focused upon the subject of sprays (Giffen and Muraszew, 1953; Levich, 
1962; Orr, 1966; Borodin et al., 1967; Lefebvre, 1989; Bayvel and Orzechowski, 1993; 
Kuo, 1995; Sirignano, 1999; Liu, 2000; Nasr et al., 2000).  
When a liquid is forced to flow through a smooth circular orifice into a chamber 
of quiescent gas, four main regimes of jet disintegration are observed—Rayleigh jet 
breakup regime, first wind induced breakup regime, second wind induced breakup 
regime, and atomization regime (Reitz, 1978). The liquid jet atomization regimes were 
attributed to several factors presented in the studies by Reitz (1978), and Reitz and 
Bracco (1986).   
The atomization mechanism of liquid jet has been attributed, among other things, 
to aerodynamic interaction effects, liquid turbulence, jet velocity profile rearrangement 
effects, cavitation phenomena, and the liquid injection pressure oscillation (Reitz and 
Bracco, 1982).  Castleman (1931, 1932) hypothesized that the liquid jet breakup is as a 
result of aerodynamic interaction between the liquid and gas phase, arguing that the 
interaction of aerodynamic forces with the liquid phase leads to the formation of 
ligaments. Drawing upon the experimental results from Sauter (1929), Castleman (1932) 
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proposed that the formation and lifetimes of the ligaments decrease, and smaller droplets 
are produced with greater gas phase velocity contribution.  
After analyzing the forces involved in the breakup and energy expended in the 
ligament model, Ranz (1956) concluded that the ligament diameters, and thus the droplet 
sizes, were related to the wavelengths of unstable aerodynamically-induced surface 
waves growing on the core of the liquid jet. However, various authors questioned the 
model, arguing that aerodynamically induced wave growth takes time to develop, and 
thus, the model cannot explain the experimental results which demonstrated jet 
disintegration in the immediate exit of a jet into a chamber against the postulates of Ranz 
(1956). Earlier DeJuhasz (1931), proposed that the liquid jet disintegration process 
possibly occurs within the nozzle itself. With some experimental evidences, DeJuhasz 
(1931) suggested that liquid turbulence may have a significant role in the liquid jet 
breakup process. Schweitzer (1937) noted the existence of a radial component of velocity 
in turbulent pipe flows and argued that this radial flow could cause the disruption of the 
liquid jet surface as soon as the jet emerged from the nozzle unbounded. 
The problem of liquid jet disintegration was first investigated in the simple 
configuration of a single drop immersed in a flow moving relatively to itself (Hinze, 
1949; Kolmogorov, 1949; Lane, 1951). It was realized that the relevant parameter for the 
drop breakup criterion is the Weber Number (Weber 1931), constructed as the ratio of the 
drag, aerodynamic pressure ρ2(u2−u1)2, and the capillary restoring pressure S/d as 
We=ρ2(u2−u1)2d/S, where ρ2 denotes the density of the destabilizing flow; (u2 − u1) is the 
contrast of velocity between the flow and the droplet; d signifies its diameter, and S 
represent the liquid surface tension. The critical Weber Number above which the droplet 
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disintegrates is about 10 (Hanson, et al., 1963) and is somewhat smaller when the 
destabilizing flow is turbulent (Hinze 1955). 
The detailed breakup mechanism reveals a very rich spectrum of phenomena 
(Pilch and Erdman, 1987). At moderate Weber Numbers, the droplet deforms in a 
pancake shape which flattens in a bag membrane eventually breaking into very small 
droplets (originating from the membrane itself) and into larger droplets (emerging from 
the membrane rim). At higher Weber Numbers, the droplet is no longer deformed as a 
whole, but is rather ‘stripped’ at its surface, forming liquid fibers, or ligaments which 
produce the stable droplets (Ranger and Nicholls, 1969; Krzeczkowski, 1980; Joseph et 
al., 1999). The same qualitative succession of atomization regimes is observed when a 
liquid jet flows in a faster coaxial stream (Farago´ and Chigier, 1992; Zaleski et al., 
1996), except that there is no critical Weber Number for the jet disintegration since its 
circular geometry suffers a capillary-driven instability (Plateau, 1873); (Rayleigh, 1879). 
Two other phenomena, cavitation and the liquid injection pressure oscillation, 
have been noted to influence the liquid jet disintegration. These are covered in some 
detail in the next two sections.  
 
1.2.1.2  EFFECT OF CAVITATION ON LIQUID JET BREAKUP 
Cavitation in nozzles of liquid atomizer is known to affect the atomization of a 
liquid jet. The subject has been well investigated by many researchers including 
(Bergwerk, 1959; Hiroyasu et al., 1991; Chaves et al., 1991; Soteriou et al., 1995; 
Schmidt, 1997; Sou et al., 2006, 2007; Tamaki, 2009).   Bergwerk (1959), in studying the 
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liquid flow field within the nozzle and its influence on the liquid jet breakup process 
coupled with turbulent interactions, observed the presence of liquid cavitation regions 
within the nozzles. From these observations, he concluded that the liquid cavitation 
phenomena may play a role in the liquid jet atomization mechanism. Bergwerk (1959) 
also found that nozzles with short length-diameter ratios and sharp edged inlet sections 
allowed complete detachment of the liquid flow from the nozzle walls under certain 
conditions. The jets obtained showed no tendency to disintegrate. In the case of attached 
flows, the experiments revealed local cavitation regions within the nozzles. The emerging 
jet into atmospheric air then had a ruffled appearance. This behavior was also 
collaborated by Northrup (1951) and Nurick (1976). Bergwerk (1959) surmised that the 
reattachment of the flow beyond the cavitation zone created large amplitude of turbulent 
disturbances which were responsible for the waviness of the liquid jet surface seen in the 
vicinity of the nozzle exit. Bergwerk (1959) hypothesized that cavitation bubbles, which 
are formed in the cavitation region and swept along with the flow, may influence the 
liquid jet break up process. 
As a consequence of vast experiments conducted by many researchers, it has been 
determined that strong turbulence in the nozzle hole induced by the cavitation 
phenomena, contributed immensely to the disintegration of the liquid jet. Arcoumanis et 
al. (1998) performed experiments to characterize the spray based on the internal nozzle 
flow structure and obtained results which strongly indicate the influence of cavitation on 
the spray structure. They proposed the liquid core atomization model and a cavitation-
induced atomization model, wherein the cavitation bubble collapse energy as an induced 
force opposes the surface tension, thus enhancing the liquid jet breakup. 
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The cavitation-induced atomization model represents the effect of hole cavitation 
on the disintegration of the emerging liquid jet by assuming that its breakup is caused by 
the collapsing of the cavitation bubbles formed within the hole. Since the pressure in the 
cavitating bubbles is much lower than ambient pressure, bubbles collapse either before 
reaching the surface of the liquid jet or immediately after. The condition in which the 
bubbles collapse after reaching downstream of the nozzle exit is termed as 
supercavitation. Water jet cutting technology such as cavitating interrupted jets employ 
this technique for using traveling cavitation bubbles in water jets for erosive action on 
metals. Various authors hinted at the influence of cavitation appearing as turbulent 
quantities enhancing the jet breakup, which lead to a series of experiments on the 
influence of cavitation on jet breakup and atomization. Reitz and Bracco (1986) studied 
various atomization mechanisms with the inclusion of cavitation phenomena. They 
observed wider spray cone angle with the nozzle cavitating. They also observed hydraulic 
flips, when the liquid flow detaches itself from the wall, and hence, cavitation occurrence 
is wiped out. Park et al., (2008), and Suh et al., (2008), made similar observations while 
investigating the influence of cavitation on the fuel flow and atomization characteristics 
of diesel and biodiesel fuel. They noticed that supercavitation formation along the 
internal nozzle wall influences the external flow pattern and droplet formation. 
Fujimoto (1994) performed experiments on the modeling of atomization and 
vaporization process in flash boiling sprays where he considered the effect of vapor 
bubble nucleation to enhance atomization. Tamaki et al. (1998), in studying the effects of 
cavitation and internal flow on the atomization of a liquid jet, observed that when 
cavitation takes place in a nozzle, there is a considerable reduction in the breakup length 
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of the jet. Instability analysis performed by Shkadov (1998) showed that velocity profile 
relaxation can generate surface waves of growing amplitude, and their growth rate 
increases as the velocity gradient below the liquid surface increases. Leroux et al. (1996), 
in studying the stability of Newtonian liquid jets, confirmed that the jet atomization is 
strongly influenced by the fastest growing wavelength in the radial direction. Tomita et 
al. (1975) predicted the impulse pressure accompanying the collapse of an isolated 
cavitation bubble which indicated that its strength decaying inversely over the radial 
distance. Hence, for smaller jet diameters, the pressure pulse resulting from the cavitation 
bubble collapse can trigger a growth wave leading to rapid atomization.  
 
1.2.1.3  EFFECT OF OSCILLATING PRESSURE FIELD ON LIQUID JET 
BREAKUP 
The effects of high amplitude, high frequency mechanical vibration on the break-
up characteristics of a liquid jet have been thoroughly documented in the literature (Lang, 
1962; Peskin and Raco, 1963; Crane et al., 1964; McCormack et al., 1965; Elrod et al., 
1989; Lin and Woods, 1991; Sindayihebura and Bolle, 1998). By the application of 
mechanical vibration in the appropriate frequency range, velocity modulation can be 
induced inside the nozzle. These forced liquid jets would carry with them a well defined 
modulation amplitude and frequency. Crane et al. (1964) experimented with the effect of 
modulations on the breakup of cylindrical water jets in air and found out that under high 
frequency vibrations, inertial effects dominate the surface tension induced displacements.  
McCormack et al. (1965) extended the work of Crane et al. (1964) by carrying out 
further experimental and theoretical analysis on velocity modulated jets. In their 
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experiments, velocity modulation was realized by pressure variation upstream of the 
injector. They concluded that the application of mechanical vibration in the appropriate 
frequency range and at small vibration acceleration values can induce minute pressure 
fluctuations and trigger a capillary instability. With higher acceleration values, 
appreciable “bunching” effect in the liquid jet was observed. The term “bunching” 
denotes the radial velocity of liquid due to the relative velocity of adjacent particles in the 
jet. Formation of discs due to strong liquid bunching was evident (Crane et al., 1964). 
However, no details of the aerodynamic interaction and the resulting spreading 
mechanism were discussed. Mass concentration appeared with definite periodicity equal 
in comparison to the imposed wavelength of modulation. 
A modulated liquid jet issuing from a nozzle goes from a state of high shear 
inside the nozzle to a state of free shear in the nozzle exterior. The liquid bulk in the 
exterior domain of the nozzle is subjected to the aerodynamic forces which interact with 
the surface forces leading to a liquid-gas interfacial instability. As the liquid jet enters the 
gas domain, shear layers are generated because of the velocity difference between the 
liquid and gas phases. The viscous interaction of the two fluids, in addition to the shear 
layer instability, contributes to the enhancement of liquid surface wave instabilities. In 
the case of modulated liquid jets, local mass accumulation occurs at finite periodicity 
resulting from the transient variation in liquid velocity and as a result of momentum 
conservation, which was analyzed by Meier et al. (1997).    
In studying unsteady liquid jets, Meier et al. (1997) showed that the conservation 
of initial momentum is one of the governing effects in jet instability and decomposition. 
They formulated the mass distribution along the axis of a modulated liquid jet without the 
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effect of liquid properties such as surface tension and liquid viscosity. For large 
amplitudes and low frequencies of modulation, the jets are decomposed in very peculiar 
shapes, which can be very simply explained by the collision of packets of concentrated 
mass on the axis of the jet motion. Meier et al. (1997) worked on large diameter and high 
velocity jets neglecting the effect of surface tension forces. However, it is well known 
that liquid properties such as surface tension and viscosity are crucial in deciding the 
magnification/suppression of the initial disturbances (Reitz, 1978). In different 
experiments with water jets, Meier et al. (1997) demonstrated breakup of very low 
velocity liquid jets with the effects of modulations. Formations of disc-like water-films 
were observed when a liquid jet was imposed with large amplitude distortions and 
concluded the existence of bowl shaped films. The instabilities occurring in such a 
system were found replicable.  
More recently, fundamental research on the disintegration of a sinusoidally forced 
liquid jet was performed by Geschner et al. (2001, 2004). Their experimental setup 
assured fewer turbulence effects, swirl, or any related effects inside the nozzle so that an 
unperturbed jet is made available for investigation in the nozzle exterior. In their 
investigation a wide range of jet morphology was obtained by varying the modulation 
characteristics, amplitude and frequency, along with the mean jet velocity, and liquid-gas 
density ratios. Classification of the disintegration of harmonically excited round liquid 
jets revealed surface waves, upstream directed bells, discs, downstream directed bells, 
multiple chains of droplets, and phase jump phenomena. When turbulent conditions 
existed inside the nozzle, stochastic atomization process was observed. Geschner et al. 
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(2001, 2004) created a non-dimensional map for the appearance of spray structures of a 
periodically excited round liquid jet. 
The influence of modulation parameters on the detection of variety of highly 
reproducible structures ranging from discs to droplet chains indicate that spray formation 
can be controlled as a deterministic process. The experimental investigations on the 
modulated jets provide us with a global understanding of the phenomena. In order to 
identify and comprehend the basic underlying mechanism, details on the non-linear 
interaction between various forces involved in free shear flows of round liquid jets needs 
further clarification. 
Modulated free jets discharge has the particular property that the slow and fast 
stream portions of each discharge cycle tend to flow together or bunch in the free stream. 
Seno et al. (1997) used same fluid jet to address the coherent structures generated by 
controlled stimulation of axisymmetric jets. They observed formation of vortex rings and 
their coalescence in a reproducible fashion and identified the influence of modulation 
parameters on these structure formations. By modulating a liquid stream, structure 
formation is forced into the liquid phase which then results in gas phase structures due to 
interfacial matching conditions. The free stream thus becomes a train of bunches of water 
which eventually separate depending on the inlet conditions and aerodynamic 
interactions. Bunch diameter increases with downstream distance until the axial velocity 
becomes uniform with each bunch. 
An issuing modulated liquid jet is always under the influence of aerodynamic 
forces present in the surroundings. These aerodynamic effects promote the growth of 
modulation bunching because gas (air) pressure deficiency or suction is produced at any 
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jet surface protrusion, such as bunch edges, whereas increased pressure is obtained in 
surface depressions between bunches.  This effect depends, in a relatively complex 
manner, on aerodynamic pressure, air acoustic speed, and surface disturbance size and 
shape. In general, however, the aerodynamic pressures should help produce percussive 
jets. On the other hand, gas (air) drag acts to dissipate jets. The interaction of surface 
tension of the liquid and the aerodynamic forces result in droplet formation. This 
mechanism of droplet formation by modulated jets has been reported to be of 
deterministic nature (Geschner et al., 2001, 2004). The droplet sizes have been observed 
to be consistent and the entire process, repetitive. This mechanism indicated that a truly 
deterministic process of spray formation with controllable droplet size distribution is 
achievable. 
In the experiments performed by Geschner et al. (2001), they identified different 
possible jet structures such as waves, discs, upstream directed bells, downstream directed 
bells, touching bells, droplet chains, stochastic disintegration, and a phase jump. 
Geschner et al. (2004) observed that the basic parameter is the modulation amplitude 
which is representative of the structures that are formed.  
It is important to understand the basic physical process underlying the creation of 
liquid droplets. Several researchers have worked on droplet formation from a liquid jet 
ejected from a nozzle. The basic theories behind the creation of these droplets lead to the 
instability in the jet emanating from a nozzle. There have been relations derived which 
were based on the fluid parameters to the droplet characteristics generated by the nozzle. 
In this dissertation, the new atomizer that was developed utilizes cavitation mechanism as 
a very crucial enhancing factor in the process of atomization. The phenomena of 
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cavitation can be expressed as the formation of vapor pockets (or bubble) as a result of 
lowering pressure in a liquid. A detailed mechanism of the cavitation phenomenon and its 
influence on liquid jet atomization are presented in a later section together with the new 
atomizer development and fabrication. 
 
1.2.2 SPRAY CHARACTERIZATION 
Practical atomizers do not generally produce sprays of uniform droplet size at any 
given operating condition; instead the spray can be regarded as a spectrum of droplet 
sizes distributed about some arbitrary defined mean value (Schick, 1997). In order to 
accurately assess and understand droplet size data, all of the key variables such as nozzle 
type, pressure, capacity, liquid properties, and spray angle have to be taken into 
consideration (Lefebvre, 1989). The droplet size testing method should also be fully 
understood. The measurement techniques, the type of droplet size analysis technique, the 
data analysis, and the reporting methods all have a strong influence on the results 
(Schick, 1997). 
 
1.2.2.1 DROPLET SIZE DISTRIBUTION IN SPRAYS 
Accurate knowledge of droplet size distribution as a function of the conditions of 
the spray system is a prerequisite for the fundamental analysis on the transport of mass, 
heat, and phase separation in dispersed systems (Mugele and Evans, 1951). Detailed 
characterization of sprays is critical in optimizing injector design and validating 
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mathematical modeling predictions. Spray characteristics include the droplet size and 
velocity distribution, spray pattern, spray coverage, and spray angle.  Sprays are 
multiphase flows which are generally a complex system commonly consisting of droplets 
which have a range of properties. This property range almost always includes droplet 
diameter, velocity, and concentration, which usually includes non-sphericity, mass/heat 
transfer, and temperature variations. In addition, other properties that are commonly 
present in some regions of the spray include droplet break-up, physical property 
variations, and coalescence. At the most basic level, multiphase flows may be 
characterized by an average spray length scale. However, there are a number of 
definitions, and this is a source of much confusion. Standard texts (Lefebvre, 1989; Liu, 
2000) offer definitions, and the two most commonly used are D10 and D32. 
 The linear average diameter (D10) is defined as the diameter of a uniform droplet 
set with the same number and sum of diameters as the real set, providing a simple 
‘average’ measure with which to compare different sprays. However, most multiphase 
processes involve heat and/or mass transfer, and the representative length scale used here 
is the Sauter Mean Diameter, expressed as SMD or D32, which is the diameter of a 
uniform droplet set with the same total volume to total surface area ratio as the real set.  
Spray characterization techniques normally record data that are typically in the 
form of number count per class size. The data are arranged into a mathematical 
representation referred to as a droplet size distribution. The mathematical representation 
is most often dependent on the characterization techniques used. Some of the most 
common droplet size distribution functions used in industry include normal, log-normal, 
root normal, Nukiyama-Tanasawa, Rosin-Rammler, and upper-limit distribution function 
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(Lefebvre, 1989; Liu, 2000).  It should be noted that no single distribution function can 
characterize all experimental measurement data of droplets sizes, and none of these 
functions is universally superior to any other for representing droplet size distribution 
(Liu, 2000).   
Many droplet size distributions in random droplet generation processes follow 
Gaussian, or normal distribution pattern. In the normal distribution, a number distribution 
function f(D) may be used to determine the number of droplets of diameter D: 
( )22
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where Sn is the standard deviation, a measure of the deviation values of D from the mean 
value D , and 2nS  is the variance. A plot of the distribution function is the so-called 
standard normal curve. The area under the standard normal curve from -∞ to +∞ equals 1.  
The integral of the standard normal distribution function is the cumulative standard 
number distribution function F(D): 
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Plotting the droplet size data on an arithmetic-probability graph paper will generate a 
straight line if the data follow normal distribution. Thus, the mean droplet diameter and 
standard deviation can be determined from such a plot (Liu, 2000).   
 Many droplet size distributions in natural droplet formulation and liquid metal 
atomization processes conform to log-normal distribution: 
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where ngD is the number geometric mean droplet diameter and Sg is the geometric 
standard deviation. Plotting droplets size data on a log-probability graph paper will 
generate a straight line if the data follow log-normal distribution (Liu, 2000).   
 Log-normal distribution functions based on surface and volume respectively are 
(Liu, 2000): 
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and 
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where sgD  and vgD are the geometric surface and volume means droplet diameters, 
respectively. These diameters can be determined once the number of the geometric mean 
droplets’ diameters and the geometric standard deviation are known: 
2ln ln 2sg ng gD D S= +          (1.6) 
2ln ln 3vg ng gD D S= +          (1.7)  
2ln ln 2.5ng gSMD D S= + .        (1.8) 
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 In many atomization processes of normal liquids, droplet size distribution fairly 
follow root-normal distribution pattern (Liu, 2000): 
( ) ( )12 221 1exp ( / ) 122 ss
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    (1.9) 
where Ss is the standard deviation, and MMD is the mass mean diameter.  
 The Nukiyama and Tanasawa distribution function (Nukiyama and Tanasawa, 
1939) is given by: 
( ) expp qdNf D aD bD
dD
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where a, b, and p are constants, and q is the dispersion coefficient which is a constant for 
a given nozzle design. The value of q usually varies from 1/6 to 2 and is determined by 
trial and error. A graphical method to determine a and b has been proposed by Mugele 
and Evans (1951). In the Nukiyama-Tanasawa distribution equation, p = 2, such that: 
2( ) exp qdNf D aD bD
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Rearranging Equation 1.11 yields  
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Plotting ( )( )2ln 1 . qD dN dD vs D  based on experimental data and an assumed value of q 
yields a straight line if the assumed value of q is correct. The values of a and b can then 
be determined from the plot. 
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The Rosin-Rammler distribution function is given by the following relations; it is 
perhaps the most widely used at present: 
1 exp  = − −  
qDQ
X
         (1.13) 
where Q is the fraction of total volume of droplets smaller than D, and X and q are 
constants. The exponent q is a measure of the spread of droplet sizes; a larger value of q 
corresponds to a more uniform droplet size. 
 Mugele and Evan (1951) proposed the upper-limit distribution function based 
upon their analysis of various distribution functions and comparisons of experimental 
data. This is a modified form of the log-normal distribution function, and for volume 
distribution it is expressed as: 
2 21expdV y
dy
δ δ
π
 
= − 
 
        (1.14) 
Where V is volume; ( )maxlny aD D D= −   ; δ is a factor related to the standard 
deviation of droplet size; a is a dimensionless constant, and Dmax is the maximum droplet 
diameter. The SMD is formulated as: 
( )
max
2
SMD
1 exp 4
D
a a δ
=
+
.        (1.15) 
The upper-limit distribution function assumes a realistic spray of finite minimum and 
maximum droplet sizes. However, similar to other distribution functions, it is difficult to 
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integrate, and in addition requires many trials to determine a most suitable value for a 
maximum droplet size. 
 In many applications, a mean droplet size is a factor of foremost concern. Mean 
droplet size can be taken as a measure of the quality of an atomization process. It is also 
convenient to use only mean droplet size in calculations involving discrete droplets, such 
as multiphase flow and mass transfer processes (Lefebvre, 1989).  Various definitions of 
mean droplet size have been employed in different applications, as summarized in Table 
1.1, adopted from (Liu, 2000). 
 
Table 1.1: Mean Droplet Diameters and their Applications (Liu, 2000)  
Symbol Common Name a b Definition Application 
 
D10 
Arithmetic Mean (Length)  
1 
 
0 .i i
i
N D
N
∑
∑
 
 
Comparison 
 
D20 
Surface Mean (Surface Area)  
2 
 
0 
1
22
.i i
i
N D
N
 
 
  
∑
∑
 
Surface Area 
Controlling 
 
D30 
Volume Mean (Volume)  
3 
 
0 
1
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.i i
i
N D
N
 
 
  
∑
∑
 
Volume Controlling 
(Hydrology) 
 
D21 
Length Mean (Surface Area-
Length) 
 
2 
 
1 
2
.i i
i i
N D
N D
∑
∑
 
 
Absorption 
 
D31 
Length Mean (Volume 
Length) 
 
3 
 
1 
1
23
.i i
i i
N D
N D
 
 
  
∑
∑
 
Evaporation, Molecular 
Diffusion 
 
D32 
Sauter Mean (Volume-
Surface) 
 
3 
 
2 
3
2 .
i i
i i
N D
N D
∑
∑
 
Mass Transfer Reaction 
 
D43 
Herdan Mean (De Brouckere 
or Herdan) (Weight) 
 
4 
 
3 
4
3 .
i i
i i
N D
N D
∑
∑
 
Combustion, 
Equilibrium 
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The expressions for the mean droplet diameters as shown in Table 1.1 takes the 
form of a generalized equation as follows: 
 
( )
( )
( )max
min
max
min
1
D a b
a
D
ab D
b
D
dND dDdD
D
dND dDdD
− 
 
 =  
 
  
∫
∫
, or      
( )
1
a a b
i i
ab b
i i
N D
D
N D
− 
=  
  
∑
∑
   (1.16) 
where Dmin and Dmax are the minimum and maximum droplet diameters respectively, and 
a and b take any value according to the effects considered in Table 1.1. SMD is perhaps 
the most widely used. It represents the diameter whose ratio of volume to surface area is 
the same as that of the entire droplet sample. 
In characterizing the droplet size distribution, at least two parameters are typically 
necessary, i.e., a representative droplet diameter, (e.g. mean droplet size) and a measure 
of droplet size range (e.g. standard deviation or q). Many representative droplet diameters 
have been used in specifying distribution functions. The definitions of these diameters 
and the relevant relationships are summarized in Table 1.2. The relationships are derived 
on the basis of the Rosin-Rammler distribution function (Equation 1.13). 
Many authors (Li and Tankin, 1987, 1988; Semio et al., 1996; Dumouchel and 
Boyaval, 1999; Ayres et al., 2001; Cao, 2002) have used maximum entropy formalism to 
derive probability density function for the prediction of droplet size distribution. Lui 
(2000) provided a detailed summary of empirical and analytical correlations for droplet 
size distribution. 
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Table 1.2: Definition of Representative Droplet Diameters (Liu, 2000) 
 
Symbol Definition Position in Q-D plot Relationship 
D0.1 10% of total volume of 
droplets are of smaller 
diameter than this value 
 
Q = 10% ( )
10.1 0.1051 qD
X
= , 
( )
10.1 0.152 .qD
MMD
=  
D0.5 
(MMD) 
Mass Mean Diameter 
50% of total volume of 
droplets are of smaller 
diameter than this value 
Q = 50% Left-hand or 
right hand side of 
Dpeak for q > or < 
3.2584 
( )
1
0.693 qMMD
X
= , 
( )
1 10.963 1 .qMMD
SMD q
 
= Γ − 
 
 
D0.632 Characteristic diameter 
63.2% of total volume of 
droplets are of smaller 
diameter than this value 
 
Q = 63.2% 
X 
(X in the Rosin-Rammler 
Distribution Function) 
D0.9 90% of total volume of 
droplets are of smaller 
diameter than this value 
 
Q = 90% ( )
10.9 2.3025 ,= qD
X
( )
10.9 3.32 .qD
MMD
=  
D0.999 Maximum Diameter 99.9% 
of total volume of droplets 
are of smaller diameter than 
this value 
 
Q = 99.9% ( )
10.999 9.968 .qD
MMD
=  
Dpeak Peak diameter value of D 
corresponding to peak of 
droplet size frequency 
distribution curve 
 
Peak point 
corresponding to 
2 2 0d Q dD =  
1
11 , = − 
 
q
peakD
X q
1
1.44281.4428 , = − 
 
q
peakD
MMD q
1
1 11 1 .
q
peakD
SMD q q
   
= − Γ −   
   
 
 
 
1.2.2.2  DROPLET SAMPLING TECHNIQUE  
There are two different types of droplet size sampling techniques: spatial and flux 
also called temporal (Schick, 1997). The spatial technique is implied when a collection of 
droplets occupying a given volume is sampled instantaneously. Generally, spatial 
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measurements are collected with the aid of holographic means such as high-speed 
photography or light scattering instruments. This type of measurement is sensitive to the 
number density in each class size and the number of particles per unit volume.  
The flux technique occurs when individual droplets pass through the cross section 
of a sampling region and are examined during an interval of time. Flux measurements are 
generally collected by optical instruments that are capable of sensing individual droplets. 
This type of measurement is sensitive to the particle flux. The sampling technique is 
critical for understanding droplet size data. Typically, nozzles measured using the spatial 
technique will report droplets smaller on average than nozzles measured using the flux 
technique. When comparing data from different sources, it is important to identify the 
differences in sampling techniques. This should help resolve many data discrepancies. 
The sampling technique used can also be application-driven. For example, gas 
conditioning, cooling, or similar processes would be better served with a spatial sampling 
technique. According to Schick (1997), in applications requiring accurate spray 
deposition such as painting and agricultural spraying, a flux sampling technique would be 
more appropriate. Flux methods are more sensitive to individual droplet sizes and 
velocity and provide the additional detail required by some applications. The two 
sampling techniques are depicted in Figures 1.1 and 1.2. 
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Figure 1.1: The measurement volume for the spatial distribution (Schick, 1997). 
 
 
 
 
 
Figure 1.2: The measurement cross-section for the flux distribution (Schick, 1997). 
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1.2.2.3  DROPLET SIZE MEASUREMENT TECHNIQUES  
Various measurement techniques have been developed and applied with different 
degrees of success. For the measurement of droplet properties in sprays, non-intrusive 
techniques are often desired (Liu, 2000). The measurement should not create disturbance 
to the spray pattern. An ideal measurement technique should have large range of 
capability to measure both the spatial and temporal distribution. Such a technique should 
tolerate wide variations in droplet properties at some extreme conditions present in sprays 
in various engineering applications. An appropriate technique should also be able to 
acquire sufficient representative samples to ensure reasonable measurement accuracy. 
Rapid sampling and data processing means are hence needed for the analysis of 
measurement results. The sampling, data acquisition, and processing system must be fast 
enough to record every droplet passing through the measurement volume when 
measuring the number density of the spray (Liu, 2000). 
 The measurement techniques for droplet sizing may be grouped conveniently into 
four primary categories: (a) mechanical methods, (b) electrical methods, (c) optical 
methods and (d) acoustical methods. Mechanical methods are relatively simple and low 
cost. Droplets are collected in either liquid or frozen state, followed by microscopic or 
sieving analysis. Electrical methods involve the detection and analysis of electronic 
pulses generated by droplets in a measurement volume or on a wire. The electronic 
signals are then converted into digital data and calibrated to produce information on 
droplet size distribution. Optical methods have been developed in recent years and are 
finding an increasing range of applications. Some of the optical methods are capable of 
simultaneously measuring droplet size and velocity, as well as velocity and number 
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density (Lefebvre, 1989). An acoustical method has been evaluated for the measurements 
of fine droplets. Table 1.3 summarizes the droplet measurement techniques (Liu, 2000). 
 
Table 1.3: Measurement Techniques for Droplet Size (Liu, 2000) 
Categories Methods Size range (µm) 
Mechanical 
Collection of droplets on slides or in cells ~ 3≥  
Cascade impactor ~ 3≥  
Molten-wax and frozen-droplet techniques  
Mechanical sieving of metal powder  
Electrical 
Pulse counting technique  
Charged wire technique  
Hot wire technique 1 – 600  
Optical 
Imaging  
Photography ~ 5≥  
Videography  
Holography 5 – 1000  
Non-Imaging  
Light-scattering interferometry 5 – 3000  
Phase-Doppler Anemometry 0.5 – 3000  
Light intensity deconvolution technique 0.2 – 200  
Light scattering technique 10 – 250  
Malvern particle analyzer 1 – 900  
Polarization ratio particle sizer  
Intensity ratio method  
Phase optical-microwave method  
Dual-cylindrical wave laser technique  
Acoustical  5 – 30  
 
1.2.2.3.1  OPTICALLY-BASED DROPLET SIZE MEASUREMENT 
TECHNIQUES 
In this section we focus our attention on optically-based droplet size measurement 
techniques and provide a brief review of three of the most widely used. A wide range of 
optically-based droplet size measurement techniques have been developed and are in use. 
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Although each measurement technique has its own advantages and limitations, most 
optical methods have an important, common attribute of allowing droplet size 
measurements to be made without disturbing the flow field being measured. The optical 
methods generally fall into one of two categories: Imaging or Non-Imaging.  The most 
important sub-class is the single droplet counting method of which Black et al. (1996, 
2001) provides an extensive review. Other methods include ensemble light scattering 
methods of droplet sizing, which integrates in one dimension (Swithenbank et al., 1976), 
and more recently Domann and Hardalupas, (2000) which focuses upon planar methods. 
Phase Doppler Anemometry (PDA) (Durst and Zare, 1975; Manasse et al., 1992, 
1993; Bachalo, 1994) is generally considered the most accurate method for spray 
characterization despite its high capital cost and the requirement for skilled operation in 
order to optimize the system set-up and subsequent data interpretation. PDA is a Laser-
Doppler Velocimeter (LDV) based method for non-intrusive, simultaneous measurements 
of the diameter and velocity of spherical particles (Manasse et al., 1992, 1993). The 
technique relies on measuring the time delay that occurs when the light scattered by a 
droplet traversing the intersection of two coherent laser beams arrives at two spatially 
separated photo detectors. Through good design and proper set-up, the method has the 
potential to gather accurate data at extremely high data rates with good statistical 
certainty. However, measurement accuracy is dependent upon a number of factors 
including laser power, optical configuration, droplet homogeneity, sphericity, and 
concentration. It also requires skilled set-up and operation to obtain accurate results.  
One of the fundamental limitations of PDA is the inability to accurately measure 
non-spherical droplets (Damaschke et al., 1997). Such conditions are observed at the 
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interface where an initial liquid sheet breaks up into ligaments subsequently forming 
initially large and often non-spherical droplets; therefore PDA is an inherently unsuitable 
instrument to characterize near-orifice flows. This is an unfortunate limitation since the 
near-orifice region is where the spray is defined and the process of atomization is 
occurring. This creates particular problems for data certainty since only a small fraction 
of the spray mass is spherical in the near-orifice region. In addition, the best optical 
geometry is specific and may not be available in the experiment. Curved window surfaces 
need complex optical corrections to be employed which, while valid for LDA work, are 
difficult to extend to PDA (Stieglmeier et al., 1989; Pitcher and Wigley, 1992, 1994).  
The Malvern Particle Analyzer is another widely used particle analyzer. It is 
based on the Fraunhofer diffraction of a parallel beam of monochromatic light by a 
moving droplet. When a droplet interacts with a parallel beam of light, a diffraction 
pattern is formed. For monodisperse spray, the diffraction pattern is of the Fraunhofer 
form. It comprises a series of alternate light and dark concentric rings whose spacing is 
related to the droplet size. For a polydisperse spray, the diffraction pattern comprises a 
number of the Fraunhofer pattern with series of overlapping diffraction rings, each of 
which is produced by a different group of droplets sizes (Hirleman, 1988). The Fourier 
transform receiver lens focuses the diffraction patterns onto a multi-element 
photodetector that measures the light energy distribution. The photodetector consists of 
31 semicircular photosensitive rings surrounding a central circle. Each ring is most 
sensitive to a particular small range of droplet sizes. The output of the photodetector is 
multiplexed through an analog-digital converter. The measured light energy distribution 
is then converted to the droplet size distribution. The measured data may be either 
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analyzed in terms of a histogram with 15 size classes or presented in the format of 
normal, log-normal, Rosin-Rammler, or other modes that are independent of the known 
models. 
Imaging is probably one of the most accurate and least expensive techniques for 
measuring droplet size and velocity. It has the potential of measuring droplets in dense, 
fast-moving sprays that are of particular interest in power generation (Liu, 2000). In the 
imaging method, an image of the droplets is taken with a light pulse of sufficient intensity 
and sufficient short duration to yield a sharp image of the droplets. The major advantage 
is that a visual record of the spray under investigation provides a simple means to check 
what is and (more importantly) is not being measured and the ability to quantify 
arbitrarily shaped objects. Until recently, the error and time required for manual analysis 
of the images (Herbst, 2001) has been the reason why imaging methods have not been 
more prevalent.    
One of the most common image analysis methods available in the market is the 
Particle/Droplet Image Analysis (PDIA) technique by Oxford Lasers Inc. In the PDIA 
technique the object diameter is based upon the measured area/perimeter rather than local 
object curvatures as is the case of PDA.  The PDIA technique, as reported by Whybrew et 
al. (1999), uses an automated segmentation thresholding algorithm for the quantitative 
analysis of droplet or particle images. This method is based upon the original approach 
adopted by Yule et al. (1978), in terms of determining the degree of image focus from the 
edge gradient intensity of a droplet image. In a preliminary study, Kashdan et al. (2000) 
examined probability density function correction schemes to account for edge contact 
correction and depth of field (DOF) biasing effects which are diameter dependent. 
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1.2.3 SPRAY VISUALIZATION 
Spray visualization is generally carried out to give qualitative information of the 
spray flow field. It also provides information of the geometric features of the spray which 
includes spray pattern, spray cone angle, and spray coverage. Traditionally, spray 
visualization has been achieved by several optical methods, including but not limited to, 
high speed photography, schlieren technique, shadowgraph technique, and holography.  
High speed photography is the most common spray visualization technique. This 
imaging technique requires two main components: a light source to illuminate the spray 
and an imaging device. The illumination for high speed photography can roughly be 
divided into three modes namely: Laser Light Sheet (LLS), stroboscopic lighting, and 
backlighting or front lighting. For laser light sheet illumination of the spray for imaging, 
the laser light is passed through a cylindrical lens to create the laser sheet which is 
expanded to penetrate the entire spray vertically to illuminate the center vertical plane. 
The imaging device or camera is positioned normal to the plane of the laser light sheet to 
acquire images of the spray structure.   
For stroboscopic lighting, the stroboscope must be synchronized with the imaging 
device or camera for recording. The system consists of a flashing strobe light and an 
imaging device or camera with an open shutter. Stroboscopic images must be taken in 
darkness so that every time the strobe flashes, a still image is taken of a moving object at 
that instant. Another illumination method is backlighting, where the light source and the 
imaging device are placed at opposite sides of the object to be imaged while facing each 
other. There are several combinations of the above three illumination methods in high 
speed photography. 
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 Im et al. (2001) and Wang et al. (2003) used high speed photography for spray 
visualization in which laser light sheet generated by a copper-vapor laser was used to 
illuminate the spray. Domnick and Thieme (2006) used stroboscopic lighting with a 
nanolight of 18 ns flash to captured images of liquid disintegration process at the bell cup 
edge of a high speed rotary bell atomizer using a video camera. The flash is synchronized 
with the video camera yielding a frame rate of 25 frames per second. Settles (1997) used 
two visualization approaches; one is stroboscopic lighting with a xenon flash of about 1 
µs duration for illumination and Super Video Home System (S-VHS) videotape at 
standard 30 Hz frame rate. The second is a Continuous Wave (CW) Argon-ion laser 
beam which was spread into a sheet by a glass rod for illumination.   
To investigate spray propagation in a gas turbine combustor, Schober et al. (2002) 
used the LLS technique for detail and effective two-dimensional characterization of 
liquid fuel spray. Lee et al. (2005) used backlight scattering to capture spray images 
which were analyzed by measuring spray penetration, spray angle, and total spray volume 
of dimethyl ether fuel spray. A strobe light was used as the backlight in this case. 
Versteeg et al. (2006) used a copper-vapor laser as the illumination source in conjunction 
with a Kodak HS4540 high speed digital camera for image recording. The laser provided 
a pulsed light source with a frequency of 9 kHz. Fiber-optic light delivery was used to 
provide front and backlighting. 
A second method commonly used for spray visualization is the schlieren 
technique. The schlieren technique is based on the deflection of a collimated light beam 
crossing gradients of the index of reflection in a transparent medium (i.e. it provides 
images of the refractive-index-gradient fields). It is, therefore, suited for applications in 
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which deviations of light are intended to be visualized as they appear, e.g., at the 
refraction-gradient due to density-discontinuities in a fluid (Mayinger and Feldmann, 
2001).  Settles (2001) and Settles et al. (1995) used the schlieren technique in the 
visualization of a combustion driven High-Velocity Oxy-Fuel (HVOF) thermal spray 
torch utilized to apply metallic coatings to surfaces. The hot supersonic jet produced by 
this equipment spreads rapidly and vigorously entrains the surrounding air. This 
visualization is critical to understand the process since direct visual observation belies its 
true character. 
Shadowgraph technique is a companion of schlieren, and is also based on light 
refractions. While the schlieren image displays the deflection angle, shadowgraph 
displays the ray displacement resulting from the deflection. There are three main 
differences between schlieren and shadowgraph techniques.  First the shadowgram is not 
a focus optical image; it is a mere shadow. The schlieren image, however, is what it 
purports to be: an optical image formed by a lens, and thus it is bearing a conjugate 
optical relationship to the schlieren object. Second, schlieren methods require a knife-
edge or some other cutoff from the refracted light, where no such cutoff is needed or 
allowed in shadowgraphy. Finally, the luminance level in a schlieren image responds to 
the first spatial derivative of the refractive index in the schlieren, e.g. n x∂ ∂ . However, 
the shadowgram response is the second spatial derivative, or Laplacian, e.g. 2 2n x∂ ∂  
(Settles, 2001).  Bellofiore et al. (2007) used a flash shadowgraph technique for the 
visualization of a dense spray of water and kerosene. Bae et al. (2002) utilized 
shadowgraph, and Mie Scattering observed the spray from a Valve-Covered-Orifice 
(VCO) nozzle and a Start-On-Injection (SOI) nozzle. In their setup for shadowgraph 
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visualization,  Bellofiore et al. (2007) used a Xenon flash lamp with 15 µs pulse length, a 
Pulnix TM-6710 digital camera (to acquire 8-bit 640x200 pixel frames at 240 Hz), and a 
BNC delay generator for time-based generation synchronization. 
A fourth visualization technique is holography. It is a technique that allows the 
light scattered from an object to be recorded and later reconstructed so that it appears as if 
the object is in the same position relative to the recording medium as it was when 
originally recorded. The image changes as the position and orientation of the viewing 
system changes in exactly the same way as if the object were still present, thus making 
the recorded image (hologram) appear three-dimensional (Mayinger and Feldmann, 
2001). Feldmann et al. (1998) used short time holography for the visualization of both 
sub-cooled and superheated sprays generated in a flat spray nozzle.  
The spray visualization and characterization technique developed in this work is 
an infrared thermography-based technique in which a thermal radiation source in the 
form of a uniformly heated blackbody background as the emitter and an infrared camera 
as the receiver are employed. As a result of the presence of the spray, the infrared energy 
emitted by the source is attenuated as it passes through the spray before reaching the 
receiver.  The infrared detector, therefore, receives a damped signal as a result of the 
attenuation of the emitted intensity. This damped image is recorded to provide an 
attenuation map of the spray, which is post-processed using theoretical and empirical 
equations to extract information about the liquid volume fraction and droplet number 
density. 
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1.2.4 INFRARED THERMOGRAPHY 
 Infrared thermography transforms the thermal energy emitted by an object in the 
infrared spectral band of the electromagnetic spectrum into a visible image. It is known 
that any object at a temperature above absolute zero, that is 0 K (-273.16 ºC) emits 
electromagnetic radiation in the form of rays which fall in the infrared spectral band of 
the electromagnetic spectrum. Within the infrared spectral band of the electromagnetic 
spectrum at the short-wavelength end, the boundary of the limit of visual perception lies 
in the deep red. At the long-wavelength end, it merges with the microwave radio 
wavelength in the millimeter range. The infrared spectral band of the electromagnetic 
spectrum ranges from 1 to 1000 µm. This band is further subdivided into four smaller 
bands, the boundaries of which are arbitrarily chosen. They include: the near infrared 
(0.75-3µm), the middle infrared (3-6 µm), the far infrared (6-15 µm), and the extreme 
infrared (15-1000 µm). You will find this illustrated in Figure 1.3. 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: The electromagnetic spectrum showing the subdivision of the infrared 
spectral band. 
  
Gamma X-Ray UV-Rays Infrared MicrowavesVisible
Near Infrared Middle Infrared Far Infrared Extreme Infrared
Wavelength (μm) 10-5 0.2 0.4 0.75 1000
0.75 3.0 6.0 15.0 1000
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Infrared thermography is a non-contact, non-intrusive technique, which enables us 
to see thermal energy. The energy emitted by a body is mainly a function of its surface 
temperature, and consequently, infrared thermography may be considered a two-
dimensional technique of temperature measurement. Thus infrared thermography is the 
science of detecting and measuring variations in heat emitted by an object and 
transforming them into visible images.  
 
1.2.4.1 HISTORICAL BACKGROUND OF INFRARED 
The origin of infrared thermography comes from the early 1800s when William 
Herschel discovered thermal radiation outside the deep red in the visible spectrum. The 
invisible light was later called “infrared”. Herschel was involved in a search for a 
solution to an astronomical problem. In order to facilitate his studies of sunspots, he was 
seeking some filtering technique which would give adequate light for seeing, without 
undesirable heating.  
 Herschel first step toward the design of such a filter was to undertake a careful 
survey of the distribution of thermal energy in the visible solar spectrum. To do this he 
formed a prismatic spectrum on a table top in a dark room and placed one of two 
identical sensitive thermometers at various positions in the spectrum, in each case 
comparing the equilibrium temperature reached with that of the other thermometer which 
was not illuminated.  He found that the thermometer readings increased as he went from 
the violet to the red, and I quote, “it appears that the maximum of illumination has little 
more than half the heat of the full red; and from other experiments, I likewise conclude, 
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that the full red falls still short of the maximum of heat; which perhaps lies even a little 
beyond visible refraction. In this case, radiant heat will at least partly, if not chiefly, 
consist, if I may be permitted the expression, of invisible light” (Herschel, 1800 a, p. 
272).  
Immediately following this report you will find the first paper devoted to an 
infrared investigation (Herschel, 1800 b). This paper discusses the measurements he 
made in the region adjoining the red end of the spectrum which led him to the conclusion 
that the radiation found there was of the same nature as visible light. The methodical 
thoroughness that was so characteristic of Herschel impelled him to go further into the 
matter, and he undertook a comprehensive study of the radiation from a candle, from a 
hearth fire, and from a red hot-poker to supplement his solar measurements (Herschel, 
1800 c, d).  
During the thirty years which followed Herschel’s discovery of the infrared 
region in 1800, a number of researchers—among whom may be mentioned Brewster, 
Davy, Englefield, Leslie and Ritchie in England; Berard and Provost in France; and 
Ritter, Ruhland, Seebeck and Wunsch in Germany—did random probing in the field with 
results which did little to advance it, although useful bits of information appeared, such as 
Seebeck’s discovery of the important role played by the material of the prism, in 1820 
(Cornell, 1938 a). As pointed out by Cornell, experimental work was handicapped by the 
lack of a more sensitive detector than the liquid in-glass thermometer. Even the nature of 
the radiation under study was in dispute, despite the opinion expressed by Young (1802) 
that it seems highly probable that light differs from heat only in the frequency of its 
undulations or vibrations; those undulations which are within certain limits, with respect 
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to frequency, being capable of affecting the optic nerve, and constituting light and those 
which are slower, and probably stronger, constituting heat only. A historical account on 
the work of Sir William Herschel was presented by Barr (1961). In a follow up paper, 
Barr (1962) presented the works of Macedonio Melloni.   
In a historical account, Cornell (1936) presented some of the earlier studies in 
radiant heat which were carried out before Herschel. He followed with two other papers 
(Cornell, 1938 a, b) which documented the research work on radiant heat spectrum from 
William Herschel (1800) to Macedonio Melloni. Following the work of William 
Herschel, Macedonio Melloni and their contemporaries, many other scientists, notable 
among them, Gustav Kirchhoff, James Clerk Maxwell, Joseph Stefan, Ludwig 
Boltzmann, and Max Planck all contributed immensely to make infrared thermography a 
useful technique of surface temperature mapping.  
 
1.2.4.2  PRINCIPLES OF INFRARED THERMOGRAPHY 
Infrared thermography basically includes a camera, equipped with series of 
changeable optics, and a computer. The core of the camera is the infrared detector, which 
absorbs the infrared energy emitted by the object and converts it into electrical voltage or 
current. The law that describes the spectral distribution of the radiation intensity from a 
blackbody was derived by Max Planck (1901). He showed by quantum argument and 
experimental verification that for a blackbody, the spectral distributions of hemispherical 
emissive power and radiant intensity in a vacuum are expressed as a function of 
wavelength and the blackbody absolute temperature as follows:  
 40 
( )2
1
5 1b C T
CE
eλ λλ
=
−
         (1.17) 
In the above equation, bEλ  is the blackbody monochromatic radiation intensity; C1 and C2 
are the first and second radiation constants respectively; λ is the wavelength of the 
radiation being considered, and T is the absolute temperature of the blackbody. By 
differentiating Planck’s Law with respect to λ and taking the maximum radiation 
intensity, Wien’s Displacement Law is obtained (Wien, 1894), 
max 2898 Tλ =          (1.18) 
which mathematically expresses the common observation that colors vary from red to 
orange to yellow, as the temperature of a thermal radiator increases. By integrating 
Planck’s Law over the entire spectrum ( )0λ = −∞ , the total hemispherical radiation 
intensity is obtained, 
4
bE Tσ=           (1.19) 
where σ is the Stefan-Boltzmann constant. 
 It has to be pointed out that Equation (1.17) describes the radiation emitted from a 
blackbody which is the maximum value radiated by a body at a given temperature. Real 
objects almost never comply with this law although they may approach the behavior of a 
blackbody in certain spectral intervals. The energy emitted by a real object, Eλ , generally 
emit only a part of the radiation emitted by a blackbody at the same temperature and at 
the same wavelength. By introducing the quantity, 
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ε =           (1.20) 
which is called the spectral emissivity coefficient, Equation (1.17) can be rewritten for 
real bodies by simply multiplying it  by .λε  
Infrared instruments are often classified as total-radiation radiometers and are 
thought to be based on the Stefan-Boltzmann Law even if their detectors sense radiation 
in a limited bandwidth of the infrared spectrum. Measurements are generally performed 
in two different windows: short wave (SW) and long wave (LW). Therefore, 
measurements made with infrared radiometers must be generally based on Planck’s Law.  
Infrared thermography may be successfully exploited in many industrial and/or 
research fields. Each field or area of potential use of infrared thermography presents 
specific characteristics and requirements which entail a specific choice of infrared 
system, test procedure, and data analysis. 
The first choice for infrared thermography is the imaging system where one 
chooses between scanner and Focal Plane Array (FPA), which could operate in a short- 
or long-wave window. Scanner systems use a single detector. To achieve two-
dimensionality, rotating mirrors or oscillating refractive elements (such as prisms) which 
scan the Field-Of-View (FOV) in both vertical and horizontal directions are used. FPA 
systems include a matrix of detectors to resolve the FOV. The detectors mostly used are 
photon ones in which the release of electrons is directly associated with photon 
absorption. Their main characteristic is a short response time and a limited spectral 
response.  
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Such detectors generally require cooling well below the ambient temperature to 
allow for rapid scanning, high sensitivity, and low noise. The sensor is often located in 
the wall of a Dewar chamber which is filled with liquid nitrogen (77 K). This may 
represent a limit in applications where a horizontal surface has to be viewed; but this 
drawback may be eliminated by viewing the surface via a mirror placed at 45º. In 
addition, a demand flow Joule–Thompson cryostat using high-pressure nitrogen (or 
argon) gas, or a closed-cycle cryogenic refrigerator, can also be employed. However, in 
the latest system generation, temperature around 70 K is easily achievable by miniature 
Stirling coolers. 
Infrared devices generally perform measurements in two different windows: the 
short wave (SW) 3–6 μm and the long wave (LW) 8–12 μm. The main workhorse in the 
field of photon detectors is mercury cadmium telluride (HgCdTe), which is used in both 
SW and LW. Indium antimonide (InSb) is also used for the SW case.  
The performance of an infrared system is conventionally evaluated in terms of 
thermal sensitivity, scan speed, image resolution, and intensity resolution. The sensitivity 
is generally expressed as the Noise-Equivalent Temperature Difference (NETD) that 
represents the difference of temperature, at two points of the image, which corresponds to 
a signal equal to the background noise of the camera. Some new FPA systems are able to 
detect temperature differences of less than 20 mK at ambient temperature. The scan speed 
represents the rate at which a complete image is updated and, at least for old interlaced 
systems, is expressed as scan rate per line and scan rate per field; non-interlaced systems 
of the new generation are characterized by high acquisition speeds higher than 1600 Hz.  
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The image resolution, which is the capability of a system to measure the surface 
temperature of small objects, is generally defined as the Instantaneous Field of View 
(IFOV) of the detector. Actually, the thermal image is digitized into pixels smaller than 
the resolution element corresponding to the detector size. Modern systems are able to 
produce images composed of several tens of thousands of pixels. The intensity resolution, 
or dynamic range, is expressed in terms of the number of grey shades (or digital levels of 
intensity) of which the thermal image is composed. The latest generation of cameras 
provides 14-bit recording and allows small temperature variations to be distinguished in a 
very hot ambient environment.  
The standard instantaneous output of each thermal image is generally represented 
by a matrix of data of the order of 20,000-60,000 elements or more; consequently, a 
treatment of the data by numerical techniques is compulsory. The temperature range 
which can generally be measured spans from −20°C up to +1500°C, but it can be 
extended to higher values by using filters. 
 
1.2.4.3 APPLICATIONS OF INFRARED THERMOGRAPHY IN 
THERMO-FLUID DYNAMICS 
Infrared thermography has found application in many industries, included but not 
limited to medicine, agriculture, production processes, environmental technology, 
maintenance, non-destructive testing and turbomachinery. The focus here is the 
application of infrared thermography in thermo-fluid dynamics. Recent advances in 
infrared imaging systems allow for thermal images with high thermal and spatial 
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resolution to be obtained. In most thermo-fluid applications of infrared thermography the 
major goal is not an absolute measurement of temperature but the qualitative temporal 
and spatial distribution of thermal radiation intensity.   
Since the mid-sixties, infrared thermography has been applied as a measurement 
technique. Primarily, this method was used in space missions where the protection of 
vehicles in the re-entry phase was of prime importance. In recent years thermography has 
become one of the most advanced non-intrusive measurement techniques. 
When a solid is located in a flow, heat is transferred by means of convection, 
conduction, and radiation. Radiation heat transfer represents the main heat transfer mode, 
because it is directly measured by an infrared thermographic system. Under steady state 
conditions, the contribution of radiation is balanced by the convection heat transfer 
between the body and the fluid (Desideri et al., 2004). At each point where there is a 
temperature difference between the fluid and the body, convective heat transfer takes 
place according to the Newton’s Law of Cooling  
( )surq h T T∞′′ = − .         (1.21) 
Since the heat transfer coefficient changes in laminar or turbulent flow, a different 
temperature will be measured after the flow transitions from laminar to turbulent 
(Gartenberg et al., 1989; Balageas and Bouchardy, 1993). This understanding is 
fundamental to the use of infrared thermography in fluid flow experimental studies. As a 
result of laminar-turbulent transition on the surface of solid body, it is possible to observe 
a detectable temperature gradient on the transitions borders, with different temperatures 
corresponding to the areas where turbulent or laminar conditions are present. This 
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allowed Desideri et al. (2004) to measure the heat transfer coefficient along an airfoil 
using infrared thermography. 
 Schulz (2000) used infrared thermography to perform a comprehensive film 
cooling study on the effectiveness of film cooling holes on gas turbine components. Two-
dimensional mapping of the film cooling effectiveness in the near field of a single scaled-
up film cooling hole with and without exit expansions were presented. Meola and 
Carlomagno (2004) provided a review of recent advances in the use of infrared 
thermography, particularly in thermo-fluid dynamics. In their paper, they presented the 
use of infrared thermography in the measurement and visualization of the diffusion of a 
hot water jet released into a stagnant water body. They also offered the visualization of 
jet impingement cooling, where they measured both the adiabatic wall temperature and 
the wall temperature using an infrared camera. The variation of the adiabatic wall 
temperature with the Mach number was presented as an infrared thermographic image. 
They also offered the visualization of a jet discharging normal to a cross-flow and the 
surface temperature mapping of aerodynamic bodies at an angle of attack using infrared 
thermography.  
The non-intrusive, non-contact nature of infrared thermography makes it a very 
useful tool in the visualization of thermo-fluid flow fields. Polidori et al. (2003) used the 
technique to visualize the transient free convection from a vertical surface with mounted 
large scale obstacles and observed from their study that the thermal plumes measured 
with the infrared camera coincide exactly with the flow wake. Generally, measurement of 
heat flux rates, and/or of convection heat transfer coefficients from a surface to a stream, 
is more difficult to perform than other current thermo-fluid dynamic quantities.  Astarita 
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et al. (2000) reviewed the use of infrared thermography in convective heat transfer 
measurement together with some particular aspects linked to its use. Ay et al. (2002) used 
thermography to monitor temperature distribution over a plate-fin surface inside the plate 
finned-tube heat exchanger. Following the temperature value identified at each pixel, the 
local convective heat transfer coefficients over the fins are determined by means of a 
control volume-based finite difference formulation. Astarita and Cardone (2008) used 
infrared thermography for flow visualization and the heat transfer measurement on a 
rotating disk, with a relatively small centered jet impinging upon it. From the infrared 
thermographic flow visualization, they observed a strong interaction between the 
turbulent jet and the laminar boundary layer over the rotating disk. 
Infrared thermography was used for shear stress field measurement in flows by 
Malerba et al. (2006 a). Reynolds’ Analogy was introduced with the possibility of using 
high sensitivity thermographic systems in order to analyze the distribution of shear stress 
on the surface of solid bodies immersed in fluid knowing the temperature of the 
examined body surfaces. Malerba et al. (2006 b) performed qualitative fluid-dynamic 
analysis of wing profile by thermographic technique. 
A careful look at the literature demonstrates the great potential of infrared 
thermography for thermo-fluid visualization. Despite the widespread use of infrared 
thermography in surface flow visualization, few researchers have visualized the fluid 
flow field using infrared thermography. Narayanan et al. (2003) were among the first few 
researchers to use infrared thermography to visualize fluid flow using sulfur hexafluoride 
(SF6) gas as tracer gas which has a high emissive peak in the infrared wavelength of the 
camera used. As far as the literature is concerned, little or no work has been done in using 
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infrared thermography to visualize a two-phase flow system like a spray.  The current 
work seeks to exploit the potential of infrared thermography in the study and 
understandings of a two-phase system, particularly paint spray.  
Copyright © Nelson K. Akafuah 2009 
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CHAPTER TWO 
2.0  THEORETICAL FORMULATION 
The second chapter discusses the theoretical formulation of the ultrasonic 
cavitation atomization, the infrared thermography-based characterization, and 
visualization technique developed in this dissertation. The chapter covers these 
mathematical formulations in two parts: Section 2.1 focuses on the theoretical 
formulation of vibratory cavitation and its influence on atomization. The second part of 
chapter two, specifically Section 2.2, covers the theoretical development of the use of 
infrared thermography in liquid spray characterization and visualization.                            
 
2.1 THEORETICAL STUDY OF CAVITATION  
When a body of liquid is heated under constant pressure, or when its pressure is 
reduced at a constant temperature by static or dynamics means, an ultimate state is 
reached at which vapor or gas- and vapor-filled bubbles or cavities become visible and 
grow. The bubbles growth may be at a nominal rate if it occurs as the result of diffusion 
of dissolved gasses into the cavity or merely by expansion of the gas content with 
temperature rise or pressure reduction. Bubble growth will be “explosive” if it is caused 
primarily as the result of vaporization into the cavity. This condition is known as boiling 
if it is caused by temperature rise and cavitation if it is triggered by dynamic-pressure 
reduction at essentially constant temperature (Knapp et al., 1970).   
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The theory of cavitation cannot be discussed without a brief examination of the 
liquid and gaseous state. A simple kinetic theory understanding of the gaseous state is 
sufficient. However, for the liquid state a little more detailed discussion is necessary, and 
the next section offers a brief analysis of this topic.  
 
2.1.1 SOME CONSIDERATION OF THE LIQUID STATE 
In analyzing the liquid state, the approach by Brennen (1995) is followed. We will 
begin with typical phase diagrams, which though idealized, are relevant to many practical 
substances. Figure 2.1 shows typical graphs of pressure, p; temperature, T, and specific 
volume, V, in which the state of the substance is indicated. The triple point is that point in 
the phase diagram at which the solid, liquid, and vapor states coexist; that is to say, the 
substance has three alternative stable states. The saturated liquid/vapor line (or binodal) 
extends from this point to the critical point. Thermodynamically it is defined by the fact 
that the chemical potentials of the two coexisting phases must be equal.  
On the binodal line the vapor and liquid states represent two limiting forms of a 
single ``amorphous'' state, one of which can be obtained from the other by isothermal 
volumetric changes leading through intermediate but unstable states. Owing to this 
instability, the actual transition from the liquid state to the gaseous one and vice versa 
takes place, not along a theoretical isotherm (Figure 2.1 b), but along a horizontal 
isotherm (solid line) corresponding to the splitting up of the original homogeneous 
substance into two different coexisting phases (Frenkel, 1955). The critical point is that 
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point at which the maxima and minima in the theoretical isotherm vanish and the 
discontinuity disappears.  
 
 
 
 
 
 
 
 
Figure 2.1: A typical phase diagram (Brennen, 1995). 
 
The line joining the maxima in the theoretical isotherms is called the vapor 
spinodal line, and the line joining the minima is called the liquid spinodal line. Clearly 
both spinodals end at the critical point. The two regions between the spinodal lines and 
the saturated (or binodal) lines are of particular interest because the conditions 
represented by the theoretical isotherm within these areas can be realized in practice 
under certain special conditions. If, for example, a pure liquid at the state A (Figure 2.1 b) 
is depressurized at constant temperature, then several things may happen when the 
pressure is reduced below that of point B (the saturated vapor pressure). If sufficient 
numbers of nucleation sites of sufficient size are present the liquid will become vapor as 
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the state moves horizontally from B to C, and at a pressure below the vapor pressure, the 
state will come to equilibrium in the gaseous region at a point such as E. However, if no 
nucleation sites are present, the depressurization may lead to continuation of the state 
down the theoretical isotherm to a point such as D, called a “metastable state” since 
imperfections may lead to instability and transition to point E.  
A liquid at a point such as D is said to be in tension, the pressure difference 
between B and D being the magnitude of the tension. Of course one could also reach a 
point like D by proceeding along an isobar from a point such as D′ by increasing the 
temperature. Then an equivalent description of the state at D is to call it superheated and 
to refer to the difference between the temperatures at D and D′ as superheat. In an 
analogous way one can visualize cooling or pressurizing a vapor that is initially at a state 
such as F and proceeding to a metastable state such as F′, where the temperature 
difference between F and F′ is the degree of subcooling of the vapor.  
 
2.1.2 THE PHENOMENON CALLED CAVITATION  
As discussed in section 2.1.1, the tensile strength of a liquid can be manifested in 
at least two ways: one is boiling, and the other is cavitation. A liquid at constant 
temperature could be subjected to a locally decreasing pressure, p, which falls below the 
saturated vapor pressure, pV. The value of (pV -p) is called the tension, Δp, and the 
magnitude at which rupture occurs is the tensile strength of the liquid, ΔpC. The process 
of rupturing a liquid by decrease in pressure at roughly constant liquid temperature is 
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termed as cavitation (Brennen, 1995). The degree of cavitation can be estimated with the 
aid of a non-dimensional parameter typically referred to as cavitation number, K. 
21
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=           (2.1) 
where p∞ is the absolute static pressure at some reference location, pv the vapor pressure, 
U∞ the reference velocity, and ρL the liquid density.  
Any flow, whether cavitating or not, has some value of K. With reduction in K, 
the first occurrence of nucleation is incepted at some particular value of K called the 
incipient cavitation number (Ki). Further reduction in K below Ki causes an increase in 
the cavitation number and extent of vapor bubbles. Different types of cavitation are 
observed depending on the flow conditions and geometry. Major types of cavitation are: 
Traveling cavitation, fixed cavitation, vortex cavitation, and vibratory cavitation (Knapp 
et al., 1970; Furness and Hutton, 1975; Kubota et al., 1989).   
 
2.1.3 INCEPTION OF CAVITATION AND TURBULENCE EFFECTS 
Most flows are naturally turbulent and highly unsteady. Vortices occur because 
they are inherent in turbulence (Batchelor, 2000). This has important consequences for 
cavitation inception because the pressure in the center of a vortex may be significantly 
lower than the mean pressure in the flow (Brennen, 1995; Knapp et al., 1970). Although 
the cavitation number indicates the point at which some cavitation nuclei is expected to 
appear, in real circumstances the actual cavitation number might vary from the calculated 
cavitation number due to various factors (Kawanami et al., 1997).  
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In summary, there are a number of reasons for Ki (calculated) to be different from 
the value of Kc (actual) that might be calculated from the knowledge of the pressures in 
the single-phase liquid flow: (1) the existence of tensile strength can cause the reduction 
in Ki; (2) the residence time effects can cause a reduction in Ki; (3) the existence of 
contaminant gas can cause an increase in Ki; (4) the steady viscous effect as a result of 
the dependency of Kc on Re can cause Ki to be a function of Re, and (5) the turbulence 
effects, characterized by highly random flow velocity components, augments Ki 
(Brennen, 1995). 
If it were not for these effects, the prediction of cavitation would be a 
straightforward matter of determining Kc. Unfortunately, these effects can cause large 
departures from the criterion, Ki=Kc, with important engineering consequences in many 
applications. Furthermore, the above discussion identifies the parameters that must be 
controlled or at least measured in systematic experiments on cavitation inception 
(Brennen, 1995): (1) the cavitation number, Kc; (2) the Reynolds number, Re; (3) the 
liquid temperature, T∞, (4) the liquid quality-details of free stream nuclei available, 
dissolved gas component etc., and (5) the quality of the solid surfaces such as its 
roughness, pit population, porosity etc contributes to variation in cavitation inception. 
Since this is a tall order, and many of the effects such as the interaction of 
turbulence and cavitation inception have only recently been identified (Brennen, 1995), it 
is not surprising that the individual effects are not readily isolated from many of the 
experiments performed in the past. Nevertheless, some discussion of these experiments is 
important for practical implementations in many fluidic devices. With this fundamental 
 54 
background on cavitation, we continue to identify the subsequent dynamics of bubble 
growth and collapse. 
 
2.1.4 EQUATION OF CAVITATION BUBBLE DYNAMICS 
The dynamics of bubble growth and collapse are covered in detailed in the 
literature (Brennen, 1995; Knapp et al., 1970). The dynamics of the motion of the bubble 
is characterized to a first approximation by the Rayleigh-Plesset Equation. A generalized 
Rayleigh-Plesset Equation derived from the Navier Stokes Equation for a Newtonian 
liquid is given by: 
( ) ( )22
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ρ ρ
     (2.2) 
where R is the radius of the bubble; P∞ is the pressure at a reference location far from the 
bubble; PB the pressure of the bubble; νL is the kinematic viscosity of the liquid; ρL the 
density of the liquid, and S is the liquid surface tension. 
  
2.1.5 INFLUENCE OF OSCILLATING PRESSURE FIELDS 
The response of a bubble to a continuous oscillating pressure field has been 
extensively covered in the literature (Neppiras and Noltingk, 1950, 1951; Flynn, 1964; 
Plesset and Prosperetti 1977; Crum, 1979; Neppiras, 1980; Prosperetti, 1982, 1984; 
Young, 1989). Frequently, vapor/gas bubbles are found immersed in a fluid flow 
environment. The translatory motion of the bubble affects its response to the local 
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pressure fluctuations by either increasing the energy content or by draining it. Various 
other parameters associated with flow field characterization such as vorticity and 
gradients impose severe constraints on the bubble dynamics (Brennen, 1995; Knapp et. 
al., 1970).  In the presence of oscillating pressure waves generated by an acoustic field, 
existing bubbles or cavities are subjected to both expansion and contraction (Neppiras, 
1980). 
To formulate the effects of oscillating pressure fields on a bubble, it is assumed 
that the bubble is filled with permanent gas obeying the ideal gas law ( )34 3p R nRTπ = . 
Ignoring the heat and mass transfer across the bubble interface, we can use the adiabatic 
relation ( )34 3p R constantγπ =  and ( ) ( )( )32B a o op R p S R R R γ= + , since at t = 0 where 
R = Ro, the gas pressure in the bubble is just ( )2a op S R+ . Equation 2.2 then becomes: 
( )
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.  (2.3) 
In the presence of an oscillating pressure field, the external liquid pressure at infinity, p∞, 
is modified to carry an added ultrasonic pressure wave such that 
sina op p p tω∞ = −          (2.4) 
where po is the amplitude of ultrasonic pressure wave with a frequency of ω/2π 
superimposed on a pressure field pa. Substituting Equation (2.4) into (2.3) we obtain 
( )
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. (2.5) 
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Equation (2.5) without the viscous term was first derived by Noltingk and Neppiras 
(1950, 1951); the viscous term was later investigated by Poritsky (1952). Equation 2.3 
and 2.5 are valid for an isothermal condition in which case γ =1.  
 To investigate how a bubble will grow and collapse under an oscillating pressure 
condition, a simple inviscid, isothermal case was considered following the approach by 
Noltingk and Neppiras (1950). For the inviscid and isothermal condition, Equation 2.5 
becomes 
( )
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.   (2.6) 
Equation 2.6 is solved with imposed angular frequencies (ω) of 3x107 and 9x107. The 
mean pressure, pa, is taken as 105 Pa with an initial bubble size of 80 μm. The liquid 
under investigation is water at Standard Temperature and Pressure (STP). The results 
were obtained numerically by Srinivasan (2006) shown in Figure 2.2. Similar results 
were earlier obtained by Neppiras and Noltingk, (1951).  
The influence of the bubble’s initial radius on its dynamics is also investigated 
where the frequency of imposed oscillation is maintained constant along with other liquid 
and vapor parameters. Since, no collapse was observed with a frequency of ω = 9x107 
(Figure 2.2), this frequency value is assumed while two initial bubble radii Ro = 80 and 
100 μm are used. The calculated results are shown in Figure 2.3.  Notice from Figure 2.3, 
that a small change in the initial radius of the bubble results in an out of phase peaking of 
the bubble radius. This portrays the complex behavior of bubble mixtures wherein a wide 
range of bubble sizes exist and mutually affect one another.  
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Figure 2.2: A radius-time curve of the influence of imposed perturbation frequency on a 
gas-filled bubble. 
 
 
 
 
 
 
 
Figure 2.3: A radius-time curve of the influence of initial bubble radius on the vapor 
bubble dynamics. 
 
For the frequency of 3x107 in Figure 2.2, events of collapse occur within 0.2 μs 
while with increase in the frequency of the pressure wave, the collapse is averted and a 
non-linear bubble evolution behavior is obtained. Neppiras and Noltingk, (1951) inferred 
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that for each impressed frequency on the pressure wave there exists a maximum bubble 
size that can give rise to cavitation. As the frequency is raised, they concluded, this limit 
becomes smaller and smaller. As a result of this, by sufficiently increasing the ultrasonic 
frequency, with other parameters remaining the same, the expected intensity of cavitation 
can be reduced to vanishing point (Brennen, 1995). For the imposed pressure wave 
frequency po << pa, Neppiras and Noltingk, (1951) derived the resonant frequency of the 
bubble, f, as 
( ) ( )2 2
3 2
2 a o
o
p S R
f
R
γ
π
ρ
+
=         (2.7) 
where γ  is the polytropic constant. With a wide range of computations performed using 
different bubble equilibrium radii and pressure wave parameters, Neppiras and Noltingk, 
(1951) concluded that the pressure field, p, is fundamentally governed by the ultrasonic 
amplitude, po. In this configuration, pB is the pressure of the gas inside the bubble at its 
maximum radius, with an initial bubble radius Ro. They showed that the maximum 
bubble radius reached during the evolution of the cavitation bubble is inversely 
proportional to the imposed angular frequency ω. Following this, all cavitation effects 
will be expected to fall off with increasing frequency and disappear completely in the 
range 
1
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.        (2.8) 
The response of the vapor/gas bubbles to perturbations in the surrounding 
pressure fields vary as a function of the magnitude of such fluctuations. As a result of the 
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nonlinearities in the governing equations, particularly the Rayleigh-Plesset Equation 2.2, 
the response of a bubble will begin to be affected by these nonlinearities as the amplitude 
of oscillation is increased (Feng and Leal, 1997). A given set of operating parameters, 
such as the pressure difference across the bubble, the equilibrium radius, and the 
properties of the liquid and vapor (such as surface tension, viscosity etc.), determine the 
frequency ranges in which the bubble response would be critical (Neppiras and Noltingk, 
1951). Considering the viscous effects, the peak frequency is calculated as  
( ) ( )
1
2 2
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3 2 3 1 8v L
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p p S
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ρ ρ
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      (2.9) 
where RE is the bubble equilibrium radius.  
The bubble peak frequency is an important quantity in any bubble dynamic 
problem. From Equation 2.10, it is clear that for larger bubbles the viscous terms become 
negligible, and the peak frequencies are driven by the pressure difference term. Typical 
peak frequencies for a water bubble, under varying equilibrium radii are plotted in Figure 
2.4 (Brennen, 1995). 
For no damping, neglecting viscous effects, the natural angular frequency of 
oscillations of the bubbles is given by 
( ) ( )
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 .     (2.10) 
In the range of typical nuclei found in water (1-100μm), the natural frequencies 
are of the order 5-25 kHz. For example, if a given sample of water requires cavitation 
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using an imposed acoustic pressure field, then the frequencies that will be most effective 
in producing a substantial concentration of large cavitation bubbles will be in the 
frequency range as demonstrated in the Figure 2.4. 
 
 
 
 
 
 
 
Figure 2.4: The bubble resonant frequency in water at 300K (Brennen, 1995). 
 
2.1.6 ULTRASONIC CAVITATION ATOMIZATION 
This section discusses the mechanism of cavitation collapse energy generated as a 
result of imposed ultrasonic pressure oscillation in the disintegration of a liquid jet. As 
discussed in earlier sections, cavitation collapse energy is known to significantly influence 
the disintegration of a liquid jet. Hence, an atomizer that uses this mechanism for 
atomization is considered. In designing such an atomizer, two components must be 
carefully considered. These are the design of the ultrasonic horn and the interior nozzle 
geometry that houses the ultrasonic horn.  The design of these two components is 
important to ensuring the cavitation cluster generation, growth, and collapse in a manner 
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that assist the liquid jet disintegration without detrimental effects on the nozzle wall 
material.  
The ultrasonic horn motion creates a low pressure region at the horn tip, depending 
on its location, which results in the activation of cavitation nuclei. The design of the 
nozzle interior geometry is crucial in maintaining a sufficient low pressure region for the 
growth of cavitation nuclei. The cavitation bubbles, once generated at the horn tip, are 
convected by the accelerating liquid flow toward the nozzle exit. The bubbles collapse on 
reaching the nozzle exit because of the increased pressure content in the nozzle exterior 
environment. In the near nozzle exit regions, the pressure perturbations generated by 
collapsing cavitation bubbles act as a strong deformation force within the liquid jet against 
the liquid surface tension forces, resulting in the enhancement of the atomization of the 
liquid. 
The design concept is illustrated in Figure 2.5, where the initial forward motion of 
the ultrasonic horn tip (Figure 2.5a) followed by a sudden retraction (Figure 2.5b) creates 
a low pressure region at the ultrasonic horn tip. This low pressure region, if it falls below 
the vapor pressure of the liquid, causes the creation of cavitation nuclei. The subsequent 
forward motions of the horn (Figure 2.5c) together with the accelerating liquid flow, 
sweeps the cavitation bubble toward the nozzle exit. The converging nozzle ensured the 
acceleration of the liquid assisting the transport of the cavitation nuclei toward the nozzle 
exit. The bubble cluster upon reaching the nozzle exit grows and implodes as a result of 
the increased pressure on the nozzle exterior environment. This implosion generates the 
pressure wave which increases the turbulence in the liquid jet and thus assists its 
disintegration. 
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Figure 2.5: Cavitation cluster generation at ultrasonic horn tip: (a) initial forward motion 
of the horn, (b) sudden retraction of the horn, and (c) forward motion of the horn. 
 
 
2.1.6.1  THE ULTRASONIC HORN 
 The ultrasonic horn is a critical component of the new atomizer design. The 
details of the ultrasonic horn design are shown below. The following are considered and 
presented: the ratio of the horn tip diameter to the horn stroke length, the horn tip position 
relative to the nozzle exit, the horn tip frequency, the shape of the horn surface, the 
amplitude of the horn motion, and the shape of the horn. 
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2.1.6.1.1 RATIO OF HORN TIP DIAMETER TO HORN STROKE LENGTH 
The ratio of the horn tip diameter to the amount of displacement it performs has a 
profound influence on the cavitation dynamics and the flow structure. For a given 
displacement magnitude by the horn tip at any instant of time, the volume of liquid 
displaced per unit time is proportional to the square of the frontal horn surface diameter 
times the displacement. The fluctuation in flow rate influences the flow turbulence and 
velocity relaxation at the nozzle exit.  
The behavior of the two-phase flow mixture, developed as a result of the presence 
of the cavitation bubbles, is highly stochastic (Brennen, 1995).  From a numerical 
parametric study (Srinivasan, 2006), a horn tip diameter of 150 µm with a stroke length 
of 20μm operating at a maximum frequency of 60 kHz, or a stroke length of 40μm 
operating at 30 kHz, was considered to be the optimum operating condition for cavitation 
cluster generation. This gives the ratio of horn tip diameter to horn stroke length of 7.50 
and 3.75 for frequencies of 60 kHz and 30 kHz respectively. 
 
2.1.6.1.2 POSITION OF THE HORN RELATIVE TO THE NOZZLE EXIT 
The nominal location of the horn tip inside the nozzle has a dominating influence 
on the translation of cavitation bubble clusters.  Besides altering the cavitation dynamics, 
the relative position of the horn also carries with it the ability to control the pressure pulse 
propagation superimposed on the fluid flow pressure (Hansson and Morch, 1979; 
Kedrinskii, 1993).  That is, the closer that the movement the horn is towards the nozzle 
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exit, the greater the influence it will have on the jet modulation as compared to moving it 
farther away because of the dissipation process.  
It should be noted that the presence of the horn in the flow region inside the 
nozzle acts as a constriction to the free flowing liquid. And, moving the horn closer to the 
nozzle exit will decrease the effective area of cross section available for the flow to reach 
the exit, and hence, severe vortex structures may be triggered in addition to high 
velocities accompanied by rapidly changing flow rate due to horn motion. This effective 
change in flow structure changes the pressure fields which is tightly coupled to the 
cavitation dynamics. To obtain favorable conditions for cavitation cluster generation, the 
oscillating horn tip is placed at a position within the nozzle where the horn surface takes 
approximately one-third of the flow cross-sectional area. 
 
2.1.6.1.3 FREQUENCY OF OSCILLATING HORN 
The frequency of oscillation of the horn tip is very critical not only in controlling 
the bubble population but also in achieving the necessary perturbation to be imposed on 
the liquid jet. The magnitude of the frequency summarizes the amount of energy that is 
being supplied to the liquid to create the cavitation regions. Increasing the frequency 
directly relates to the increase in the energy applied to overcome the cohesive liquid 
forces leading to cavitation bubble cluster (Hansson and Morch, 1979 a, b; Kedrinskii, 
1993; Hansson et al., 1982).  
The compressibility of the two-phase medium is determined mainly by the 
compressibility of the gas phase, and the nonlinearity of the process is due to the bubble 
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dynamics. It is, therefore, appropriate to simplify the system of equations assuming 
further that the liquid is incompressible, and the number of bubbles per unit volume is 
constant. By neglecting the nonlinear terms in the mass conservation and the momentum 
equations, then the momentum equation for a one-dimensional two-phase medium can be 
written as 
1 0u P
t xρ
∂ ∂
+ =
∂ ∂
.         (2.11) 
If the motion of the horn is sinusoidal, the pressure gradient relates to the angular 
frequency as 
( )2 sinh
P ap t
x
ρ ω ω∂ = = Γ
∂
        (2.12) 
where ρ is the density; aph is the horn acceleration; Γ is the amplitude, and ω = 2πf, 
where  f is the frequency of the oscillating horn.  
 
2.1.6.1.4  SHAPE OF THE HORN SURFACE 
According to the discussions on the cavitation generation techniques, the bubble 
population is substantially enhanced if the energy of the oscillations is well focused in a 
given area. This is achieved by use of concave surface at the tip of the oscillating horn. 
Horn surface concavity increases the power density of the bubble formation (Vijay, 1992) 
and enhances high frequency pulsing to the liquid downstream.  
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2.1.6.1.5  AMPLITUDE OF THE HORN MOTION 
Another critical parameter in the present design is the horn amplitude which 
directly dictates the amplitude of transient pressure field, the bubble population, and 
hence the droplet size distribution. From Equation (2.12), note that the pressure gradient 
is governed in a linear fashion by the horn amplitude. Increased amplitude results in 
formation of extended vapor region and consequent convection downstream. Amplitude, 
in conjunction with the frequency, is decisive in designing the horn tip to enhance 
cavitation. Designs with high amplitude of oscillation can lead to intensified cavitation 
regions (Hansson and Morch, 1979 a; Kedrinskii, 1993). 
 
2.1.6.1.6  SHAPE OF THE HORN 
Ultrasonic horns can be classified into exponential, catenoidal, conical, parabolic, 
hyperbolic, and stepped forms according to the decreasing rate of their cross sectional 
area (Woo et al., 2006). The solid ultrasonic horn acts as a vibration amplifier. Catenoidal 
and exponential shaped horns have been considered for such designs as the one by Vijay 
(1992). The ultrasonic horn increases the power density of the transducer. For the 
prototype in this work, a parabolic horn shape was employed. 
 
2.1.6.2  THE INTERIOR NOZZLE GEOMETRY 
The axial cross section of the nozzle interior geometry is illustrated in Figure 2.6. 
The cross section shows schematics of the converging section and the backward facing 
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step section of the nozzle. The residence chamber and the flow modulation inducer are 
illustrated in Figure 2.7.  
The expansion chamber of the nozzle section acts as a residence chamber where 
the cluster is formed, and its subsequent transient evolution occurs. This residence 
chamber seeks to increase the cavitation cluster mixing with the bulk flow, a 
straightforward consequence of utilizing the backward facing step profile (Armaly et al., 
1983). The increased turbulent production and increased shear layer contribution 
increases the perturbations within the liquid-vapor mixture flow which is then accelerated 
using a flow modulation inducer section, Figure 2.7.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: The nozzle interior geometry. 
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Figure 2.7: A concept of residence chamber. 
 
There are two competing forces acting on the mixture flow near the entrance of 
the flow modulation inducer: the impingement of the cavitating liquid increases the 
stagnation pressure leading to the collapse of the vapor clusters and at the same instant, 
the flow modulation region acts against this pressure increase by accelerating the fluid. 
As a result of these dominating mechanisms, some cavitation clusters survive the 
expansion section and propagate into the constant diameter section. Meanwhile, because 
of the geometric curvature, a strong reverse pressure gradient acts near the corners of the 
section joining the flow modulation inducer and the constant diameter chamber leading to 
the separation of cavitation clusters from the nozzle walls (Armaly et al., 1983). Hence, 
the concentration of cavity clusters into the core of the bulk flow is achieved.   
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Mechanisms of vortex stretching and rollup contribute to the mixing of the vapor 
phase with the main liquid flow leading to increased perturbation of the exiting liquid jets 
(Armaly et al., 1983; Barkley et al, 2002). The presence of cavitation within a turbulent 
shear flow can potentially alter the dynamics of the flow through both local and global 
methods. The existence of developed cavitation can lead to overall flow changes through 
a reduction in mean flow density, an increase in the overall flow volume, or as a result of 
the modification of the mean pressure field.  
Cavitation can also modify the vortical flow locally (Baur and Kongeter, 1998). 
Belahadji et al. (1995) have suggested that cavitation in the cores of vortices will affect 
the process of vortex stretching by the decoupling of the vortex strain and rotation rate. 
Gopalan and Katz (2000) demonstrated that significant flow–vapor interactions exist in 
the cavitating shear flow downstream of a partial cavity. Furthermore, Laberteaux and 
Ceccio (2001 a, b) showed how the growth and collapse of dispersed cavitation bubbles 
lead to the production of small-scale turbulence in the wake of partial cavities.  
 
2.1.6.3  LIQUID PARAMETERS 
The formation of cavitation bubbles within the liquid is greatly dependent on the 
type of liquid. This results from the cavitation mechanism which is greatly influenced by 
the liquid parameters such as its viscosity, surface tension, compressibility effects, solid 
contents, miscibility of components, and the specific rheological and dynamic behavior 
of a liquid. The elementary concept of cavitation inception is the formation of cavities at 
the instant the local pressure drops to the vapor pressure of the liquid. But, there are 
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deviations of various degrees with both water and other liquids that are not reconcilable 
with the vapor-pressure concept (Knapp et al., 1970).  
The vapor pressure is defined as the equilibrium pressure at a specific temperature 
of the liquid’s vapor which is in contact with an existing free surface. If a cavity is to be 
created in a homogeneous liquid, the liquid must be ruptured, and the stress required to 
do this is not measured by the vapor pressure but the tensile strength of the liquid at that 
temperature. Consequently, it is important that the parameters of the liquid under 
investigation are well known.  
 
2.2 MATHEMATICAL TREATMENT OF INFRARED SPRAY 
VISUALIZATION AND CHARACTERIZATION 
The Infrared thermography-based visualization and characterization technique 
introduced in this dissertation is an optical method which uses infrared imaging to 
characterize and visualize the entire flow field of a liquid spray. The technique employs 
an emitter which is a uniformly heated blackbody background as a thermal radiation 
source, and a receiver which is an infrared detector. The method provides a two-
dimensional image in which the value is associated to each pixel on an intensity scale. 
This value accounts for the amount of infrared energy emitted by the source which then 
travels through the spray. As a result of the presence of the spray, the infrared energy 
emitted by the source is attenuated.   
For a given fluid, this attenuation is a function of droplet size, spray density, and 
the complex refractive index (m = n – ik) of the material being sprayed. The infrared 
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detector, therefore, receives a damped signal as a result of the attenuation of the emitter 
intensity. This damped image is recorded to provide an attenuation image of the spray. 
This image is post-processed using theoretical and empirical equations to extract 
information about the spray volume fraction, number density, and macroscopic 
information. 
 
2.2.1 THE RADIATION MODEL 
In this section, consider a spray visualization system consisting of a radiative 
source of uniform or known intensity distribution and a camera or similar device capable 
of detecting the attenuation of the radiative intensity caused by the presence of any 
obstacle within a certain wavelength range.  Radiative intensity is defined as radiative 
energy transferred per unit time, solid angle, spectral variable, and area normal to the 
pencil of rays. This radiative energy travels in the form of electromagnetic waves with a 
certain wavelength. The camera detects the attenuation of the radiative energy as it 
travels through a participating media consisting of a liquid spray made up of droplets 
with a certain size distribution. The spray is generated by a nozzle or similar atomization 
device. A schematic of the concept is shown in Figure 2.8. 
The scattering and absorption coefficients of a group of droplets are directly 
related to the droplet number density and their effective cross-sectional areas. These 
effective areas are called the scattering and absorption cross-sections, Cscaλ and Cabsλ 
(Tien and Drolen, 1987). Generally Cscaλ and Cabsλ are a function of the particle 
orientation, the complex refractive index (m = n – ik), the particle size relative to the 
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wavelength, and the polarization of the incoming radiative beam. It is assumed that the 
bulk of the spray is made up of spherical droplets, and orientation is of no concern. 
Likewise, only unpolarized light is considered since this is a good approximation for 
most heat transfer processes (Tien and Drolen, 1987). 
Considering the microscopic view of the spray, an electromagnetic wave or 
photon passing through the immediate vicinity of spherical particles or droplets will be 
absorbed, scattered, or both. The scattering is attributable to three separate phenomena 
namely diffraction, reflection at the particle surface, and refraction in a particle. Figure 
2.9 illustrates the interaction between electromagnetic waves and spherical particles 
(Modest, 1993). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: A schematic of the infrared visualization model. 
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Figure 2.9:  The Interaction between Electromagnetic Waves and Spherical Particles 
(Modest, 1993). 
 
 
2.2.1.1   INFRARED RADIATION FORMULATION 
It is now appropriate to focus attention upon the incoming radiant beam with 
intensity inI λ impinging upon an absorbing, emitting, and scattering particulate medium. 
As the beam traverses the medium, its intensity is attenuated by absorption and by out-
scattering of energy into other directions.  The intensity of the beam is enhanced by the 
in-scattering of radiation from other directions into the direction of propagation or by 
emitted energy from the particles. The variation of intensity in the medium is described 
by the equation of transfer (Siegel and Howell, 2001), 
( ) ( ) ( ) ( ) ( ) ( )4
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,b i i
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where Iωλ is the directional spectral intensity; s is the distance traveled in the medium, 
and aλ and σλ are the absorption and scattering coefficients, respectively. Equation (2.13) 
also includes the emitted energy of the particles bIωλ , from the Planck’s Distribution 
evaluated at the particle temperature T, and the scattering phase function from direction 
ωi into the direction ( ), iλω ω ωΦ − . By introducing the definitions of the optical 
thickness τλ and the scattering albedo Ωλ the following expressions are obtained 
( )
0
,
s
a ds
a
λ
λ λ λ λ
λ λ
σ
τ σ
σ
= + Ω =
+∫ .                      (2.14) 
The equation of radiative transfer, Equation (2.13), can be rewritten as:  
( ) ( ) ( ) ( ) ( ) ( )4
4
1 ,b i i
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I I T I d
d
ωλ λ
ωλ λ λ ωλ λ λ ωλ λ λπ
λ π
τ
τ τ τ τ ω ω ω
τ
Ω= − + −Ω + Φ →   ∫ .  (2.15) 
Appropriate boundary conditions have to be introduced in order to make the formulation 
complete and well posed. Transparent boundaries are assumed at all sides of the problem. 
On the face radiated by the main source, a known diffuse irradiation may be taken into 
account (Collin et al., 2005)  
( ) 00 ( )I I oωλ λ λτ = = .             (2.16) 
Throughout the rest of the analysis we make the simplifying assumptions that the 
local emission of and the scattering of the electromagnetic waves into the direction of 
propagation is negligible. We also assume that there is no evaporation of the liquid 
droplets. The vapor phase attenuation is neglected in our analysis. Under these 
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assumptions, the source term in Equation (2.15) is negligible. Thus, the equation of 
transfer reduces to: 
( ) ( )
dI
I
d
ωλ λ
ωλ λ
λ
τ
τ
τ
= − .             (2.17) 
The solution of Equation (2.17) with boundary condition Equation (2.16) becomes 
( ) ( )0 (0)expI Iλ λ λ λτ τ= − .               (2.18) 
This indicates that the intensity of the propagating beam simply decays exponentially 
with optical distance travelled. Solving for the optical thickness from Equation (2.18) 
yields 
( )ln
(0)O
I
I
λ λ
λ
λ
τ
τ
 
= −  
 
.              (2.19) 
Thus, the optical thickness in the direction of propagation can be computed based on the 
attenuation of the radiative intensity acquired by the detector. 
 
2.2.1.2  TWO-DIMENSIONAL INFRARED IMAGE ANALYSIS 
When a captured two-dimensional digital image of a spray showing the 
attenuation of the radiant intensity is examined as a result of the presence of the spray 
droplets, the image contains a finite sequence of pixels p(x, y), for 1 ≤ x ≤ Nx and 1 ≤  y ≤ 
Ny , where Nx and Ny are the number of pixels in the x- and y- directions, respectively. The 
pixel size is ΔxΔy, where Δx and Δy are usually constant throughout the image and may 
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be equal (i.e. Δx = Δy) . Each pixel p(x, y) is a two-dimensional view of an attenuation 
volume φ(x, y) with an effective attenuation depth b(x, y), corresponding to the depth of 
the spray in a direction normal to the image at the location of the pixel p(x, y). Therefore, 
the dimensions of each attenuation volume or voxel can be expressed as ΔxΔyb(x, y) 
(Figure 2.10). Within each attenuation volume, there exists a finite number of droplets 
n(x, y) with a corresponding droplet size distribution. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: A schematic of the attenuation map of the spray. 
 
It is assumed that the attenuation of the Infrared energy in the air surrounding the 
spray is negligible. That is, the attenuation of the rays occurs only within the attenuation 
volume φ(x, y). The optical thickness defined in Equation (2.14) is rewritten in terms of 
the extinction coefficient ( ),x yλκ as: 
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Equation (2.20) can be integrated to yield the optical thickness expressed in terms of the 
effective extinction coefficient ( ),x yλκ and the physical path length ( ),b x y  as follows:  
( ) ( )
( )
( ) ( )
,
0
, , , ,
b x y
x y x y d s x y b x yλ λ λτ κ κ= =∫  .       (2.21) 
Despite the fact that the droplets in the integration path b(x, y) exhibit a size 
distribution and can be concentrated unevenly along it, the effective extinction coefficient
( ),x yλκ is considered independent on both the droplet size distribution and the droplet 
concentration. Therefore, the extinction coefficient can be expressed as: 
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.      (2.22) 
The scattering and absorption coefficients are defined as the fraction of the total 
propagating energy which is scattered out of, or absorbed from, a radiant beam per length 
of travel, respectively. The scattering and absorption coefficients of a group of particles 
(or droplets) as presented by Tien and Drolen (1987) are directly related to the number 
density of these particles (or droplets) and their effective cross-sectional areas. These 
effective areas are called the scattering and absorption cross-sections, Cscaλ(x, y) and 
Cabsλ(x, y). 
The size parameter χ, is defined as the ratio between the droplet circumference 
and the light wavelength, i.e., mDχ π λ= . The geometric cross section of the droplet m 
is given by ( ) ( )2, , 4m mG x y D x yπ= .  For χ > 10,  light scattering can be approximated by 
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geometric optics (Van de Hulst, 1981), the extinction cross-section, which is the sum of 
Cscaλ(x, y)  and Cabsλ(x, y), which would equal the physical cross-section Gm(x, y) 
evaluated using the surface-based average droplet size D20(x, y)  of the spray. Therefore, 
for each pixel in the image we obtain a value of Gm(x, y) that contains information 
relevant to the integration path b(x, y) along the attenuation volume φ(x, y). This gives us 
( ) ( )220, , 4G x y D x yπ=            (2.23) 
where ( )20 ,D x y  is defined as, 
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        (2.24) 
which means that the scattering and absorption of all droplets contained within the 
attenuation volume φ(x, y) are equivalent to those of n(x, y) droplets of an equivalent 
diameter ( )20 ,D x y . 
The absorption and extinction cross-section can be non-dimensionalized using the 
physical cross-section of the droplets. The resulting parameters presented by Tien and 
Drolen (1987) are called scattering, absorption, and extinction efficiencies, 
( ) ( )( ) ( )
( )
( ) ( )
( )
( )
, , ,
, ; , ; , .
, , ,
sca abs ext
sca abs ext
C x y C x y C x y
Q x y Q x y Q x y
G x y G x y G x y
λ λ λ
λ λ λ= = =  (2.25) 
With this notation, the scattering and absorption coefficients are given by,  
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Within each pixel (or attenuation volume φ(x, y)) there are n(x, y) droplets with a 
droplet size distribution with diameters varying from Dmin(x, y) to Dmax(x, y). Define an 
effective diameter based on the total volume occupied by the droplets within the 
attenuation volume φ(x, y) as 
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        (2.27) 
This equation signifies that the volume of droplets within each control volume can be 
represented by n(x, y) droplets of equivalent diameter ( )30 ,D x y . These are related to the 
liquid volume fraction ( ),vf x y of the droplets within the attenuation volume φ(x, y). 
Using Equation 2.27, the volume fraction ( ),vf x y  is defined as 
( ) ( ) ( )
3
30, ,,
6v
n x y D x y
f x y
π
=        (2.28) 
where n(x, y) is the number of droplets per unit volume expressed as 
( ) ( )( )330
6 ,
,
,
vf x yn x y
D x yπ
=  .             (2.29)  
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Substituting for of G(x, y) (Equation 2.23) and n(x, y) (Equation 2.29) into Equation 
(2.26) yields 
( ) ( ) ( )( ) ( )
( ) ( )
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where ( ) ( ) ( )3 232 30 20, , ,D x y D x y D x y= is commonly known as the surface area moment 
mean or the Sauter Mean Diameter (SMD), and represents the diameter of a droplet that 
has the same ratio of area to volume as that of the droplets contained within the 
attenuation volume φ(x, y). Substituting Equation (2.24) into (2.30), the liquid volume 
fraction can be expressed as a function of Sauter Mean Diameter,  
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An expression for the droplet number density per unit volume can be obtained by 
introducing the formulas for ( )30 ,D x y  (Equation 2.27) and  ( )20 ,D x y  (Equation 2.24) 
into Equation (2.31), which yields  
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For the droplet number density and the liquid volume fraction to be computed, the 
depth b(x, y) of the spray at each pixel location and the extinction efficiency ( ),extQ x yλ  
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needs to be known. To compute the droplet number density, the values of D30 and D20 
need to be estimated. 
 
2.2.1.2.1 ESTIMATION OF THE SPRAY DEPTH AT EACH PIXEL 
LOCATION 
The value of b(x, y), which is the depth of the spray in a direction normal to the 
image at each pixel p(x, y) location, is computed as illustrated in Figure 2.11. The high-
speed rotary bell atomizer and the UCA sprays have circular cross-sectional areas as 
illustrated in Figure 2.11(a). The HVLP air-assisted atomizer has an elliptical cross-
sectional area as shown in Figure 2.11(b). For the high-speed rotary bell and the UCA 
sprays using edge detection methods, the radius R at each cross-sectional location along 
the image of the spray are estimated from which the values of b(x, y) are computed using 
Equation 2.33. Note that the spray produced by the high-speed rotary bell atomizer starts-
off as a hollow spray with an annular cross-sectional area. But, the spray becomes a solid 
spray with a circular cross-sectional area as it approaches the target surface. 
Consequently, a circular cross-sectional area is assumed for simplicity.  
 For the HVLP air-assisted atomizer, the major axes of the spray are estimated at 
each cross-sectional location along the image of the spray using edge detection methods. 
Thus for the HVLP air-assisted atomizer, two images are captured for each condition 
tested. An image is captured for the long axis and a second image is captured for the short 
axis. From the captured images, the values of b(x, y) are computed using Equation 2.34.  
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Figure 2.11: Computation of the spray depth b(x, y): (a) the cross-section of the high-
speed rotary bell atomizer and the UCA Spray, (b) the cross-section of the HVLP air-
assisted atomizer spray. 
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2.2.1.2.2  EXTINCTION EFFICIENCY 
To solve for the extinction efficiency, the numerical solution of Matzler (2002) 
was followed. The extinction efficiency extQ λ is given by the following expression: 
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where an and bn are Mie coefficients defined as: 
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where nψ  and nξ  are the Ricatti-Bessel functions, and  
1
3
max max( 4 2)N χ χ= + + .        (2.38) 
The scattering efficiency is similarly defined as: 
( )
max 2 2
2
1
2 2 1 .
N
sca n n
n
Q n a bλ χ =
 = + + ∑        (2.39) 
and the absorption efficiency is obtained by satisfying the energy conservation as: 
abs ext scaQ Q Qλ λ λ= −  .        (2.40) 
Following the numerical solution by Matzler (2002) using MATLAB, the Mie 
efficiencies are obtained for water, using a complex refractive index of 1.33+0.00001i. A 
plot of the Mie efficiency values is shown in Figure 2.11 for water. The value for the 
extinction efficiency (Qext) from the numerical solution asymptotically approaches 2.1. 
Thus constant value of 2.1 is assumed for the extinction efficiency in our analysis. 
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Figure 2.12: The Mie efficiencies for water. 
 
 
With the Mie extinction efficiency obtained, the droplet volume fraction can be 
computed once the SMD (D32) is known. The D32 values are obtained from experimental 
measurements using the Malvern Spraytec Particle Analyzer.  
 
2.2.1.2.3   ESTIMATION OF D30 AND D20 USING EMPIRICAL FORMULATION 
To compute the droplet number density using Equation 2.32, we compute D30 and 
D20 by employing the Nukiyama-Tanasawa Distribution Function (Nukiyama and 
Tanasawa, 1939). 
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where N is the normalized number distribution of droplets; B is a constant; C is the size 
parameter; q is a distribution parameter; and D is the droplet diameter.  In effect B, C and 
q are constants that are adjusted to best fit the experimental data (Li and Tankin, 1987, 
1988; Semio et al., 1996; Dumouchel and Boyaval, 1999; Ayres et al., 2001; Cao, 2002). 
Li and Tankin (1987), using information entropy and by taking the limits of the droplet 
size to be zero and infinity, found the distribution function to be: 
2 3exp
2 6
 
= −  
 
 
 
l l
l l
n ndN D D
dD m m
ρ ρπ π
       (2.42) 
where lρ  is the liquid density, lm  the liquid  mass flow rate, and n the droplet number 
density per unit time. This is a form of the Nukiyama-Tanasawa Distribution Function 
where distribution parameter (q) is no longer a free variable, but equal to 3. 
From the definition of SMD given by the following expression, 
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and substituting Equation (2.42) into (2.43) we have an expression  of the SMD in terms  
of the liquid density, the liquid mass flow rate,  and the droplet number density per unit 
time as follow: 
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Similarly from the definition of  D30 (Equation 2.27), we obtain the expression of D30 in 
terms of the liquid density, the liquid  mass flow rate,  and the droplet number density per 
unit time as follow: 
1
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=  
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

.         (2.45) 
From Equations (2.45) and (2.44), we obtain an expression of D30 in terms of D32, from 
which the value for D30 can be obtained once D32 is measured from the experiment. 
( ) ( ) ( )530 323, ,D x y D x y= Γ .        (2.46) 
Similarly D20 is solved from its definition (Equation 2.24), yielding 
( ) ( ) ( ) ( ) ( ) ( )
1 1
2 25 5 5
20 30 323 3 3, , ,D x y D x y D x y   = Γ = Γ Γ    .    (2.47)
 
 With an expression obtained for D20 and D30 in terms of D32, one only needs to 
know D32 from which the values of D20 and D30 can be estimated using these relations. 
The droplet number density can then be obtained using Equation 2.32. 
Copyright © Nelson K. Akafuah 2009 
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CHAPTER THREE 
3.0 EXPERIMENTAL APPARATUS  
The experimental apparatus is presented in three sections as follows: in Section 
3.1, the basic apparatus for the infrared characterization and visualization technique 
developed in this dissertation are presented. Section 3.2 presents the fabrication of the 
new atomizer (ultrasonic cavitating atomizer). And lastly, Section 3.3 presents a brief 
description of the high-speed rotary bell atomizer and the High Volume Low Pressure 
(HVLP) air-assisted atomizer.  
 
3.1. APPARATUS FOR THE INFRARED VISUALIZATION AND 
CHARACTERIZATION TECHNIQUE 
The basic experimental apparatus for the infrared visualization and 
characterization technique comprises an imaging device (infrared camera), a thermal 
radiation source, and a droplet size analyzer. Brief descriptions of each of these apparatus 
are provided below. 
 
3.1.1 INFRARED CAMERA 
The imaging device utilized in this study to capture the spray flow field was an 
infrared camera, Flir ThermoVisionTM SC4000, pictured in Figure 3.1. The SC4000 has a 
320 x 256 pixels Indium Antimonide (InSb) detector, which operates in a 3.0 to 5.0 μm 
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spectral range of the electromagnetic spectrum. The ThermoVision SC4000 FPA 
incorporates a read-out technology in the form of a Complementary-Metal-Oxide-
Semiconductor (CMOS) readout integrated circuit (ROIC) with 20 μm pitch. FPA 
systems include a matrix of detectors to resolve the FOV. The detectors require cooling 
well below the ambient temperature to allow for rapid scanning, high sensitivity, and low 
noise.  The cooling is achieved by an integrated miniature Stirling cooler, capable of 
achieving temperature around 70 K. In the SC4000, the pixel size of the detector is 30 x 
30 μm.  
The SC4000 has a dynamic range of 14-bit. The dynamic range in infrared 
thermography describes the ratio between the maximum and minimum measurable 
infrared radiant intensities. It has a typical Noise Equivalent Temperature Difference 
(NETD) or Noise Equivalent Irradiance (NEI) of 18 mK (FLIR Systems, 2009).  
 
 
 
 
 
 
 
Figure 3.1: The ThermoVision SC4000 infrared camera (FLIR Systems, 2009). 
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NETD is a measure of the sensitivity of a detector of thermal radiation in the 
infrared band of the electromagnetic spectrum. For an infrared FPA imaging device, 
NETD is usually used to characterize the sensitivity of FPAs. NETD is the temperature 
change of a scene, required to produce a signal equal to the root mean square (rms) noise. 
It is a system level limit that depends on parameters such as the f-number (sometimes 
called focal ratio, f-ratio, or relative aperture) of the optics used. For low background 
applications, noise equivalent power (NEP), or noise equivalent irradiance (NEI) is 
usually used as a figure of merit. NEI is the radiant flux power necessary to produce a 
signal equal to the rms noise (Meimei, 2000). 
 
3.1.2  BACKGROUND RADIATION SOURCE 
The infrared camera is generally capable of mapping surface temperature. To 
visualize a multiphase fluid flow system such as liquid spray which is at room 
temperature, it is necessary to provide a temperature contrast. To achieve this, a 
uniformly heated background is utilized. This approach is similar to backlighting in high 
speed photography. In this dissertation this background serves two purposes; on one 
hand, it provides the needed temperature contrast to visualize the spray flow field. On the 
other hand, it provides the thermal radiation source, needed for the studies of scattering 
and absorption. By using Mie Theory in analyzing the scattering and absorption, some 
detail quantitative information about the spray flow field is deduced. 
The background radiation source used is an IR-160/301TM Blackbody System 
from Infrared Systems Development (2009). The IR-160/301 Blackbody System is an 
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extended area type flat plate emitter with special high emissivity coating providing 0.96 
average emissivity. The emitter size is 304.8 mm by 304.8 mm. The system has a 
temperature controller with 0.1oC set point resolution. The temperature range of the 
system is ambient to 350°C and a wavelength range of 1 to 99 μm. Temperature sensing 
in the system is provided by means of a Platinum Resistance Temperature Detector 
(RTD) and a Type T (copper-constantan) thermocouple. The blackbody and controller 
system are shown in Figure 3.2. 
 
 
 
 
 
 
 
 
Figure 3.2: The IR-150/301 blackbody system (Infrared Systems Development, 2009). 
 
3.1.3 DROPLET SIZE ANALYZER 
To estimate the droplet number density and the liquid volume fractions from the 
infrared characterization and visualization technique developed in this dissertation, the 
droplet size information need to be known. To measure the droplet size and size 
distribution, a Malvern Spraytec particle sizing system was utilized. 
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The Malvern Spraytec particle sizing system (Figure 3.3) was used for droplet 
size measurement. The Spraytec particle sizing system yields a 0.1 to 900 µm size range 
with a 300 mm receiving lens. The measurement volume of the Spraytec has a diameter 
of 9 mm. Spraytec uses the full Mie Theory which completely solves the equations for 
interaction of light with matter. The system requires prior knowledge of the refractive 
index for the material being sprayed and the medium into which the material is sprayed. 
For this study water was used as the working fluid and was injected into air.  The 
refractive indices of both water and air are well known. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: A schematic of the Spraytec measurement system (Malvern Instruments Ltd, 
2005).    
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3.2 FABRICATION OF THE ULTRASONIC CAVITATING ATOMIZER 
The ultrasonic cavitating atomizer (UCA) is a new atomizer design which uses 
ultrasonically generated cavitation collapse energy together with imposed oscillatory 
pressure field to produce droplets.  Details of the fabrication process are offered in this 
section. The component presented includes herein the ultrasonic horn, the piezoelectric 
actuator, and the nozzle and nozzle housing. 
 
3.2.1 ULTRASONIC HORN  
The UCA uses an ultrasonic horn for the cavitation cluster generation and for the 
modulation of the exiting liquid jet. The cavitation bubble population is substantially 
enhanced if the energy of the oscillations is well focused in a given area. This is achieved 
by use of a concave surface at the tip of the oscillating horn. The horn surface concavity 
increases the power density of the bubble formation (Vijay, 1992, 1998) and enhances 
high frequency pulsing to the liquid downstream. Figure 3.4 shows the ultrasonic horn 
and a close-up view of the concave tip. 
The ultrasonic horn has a base with a diameter of 10.00 mm and 5.00 mm in 
length. The horn tip has a diameter of 0.15 mm with a concave surface of radius 0.075 
mm. The horn’s longitudinal surface profile starts as a circular profile with radius of 
16.40 mm from and base and merges into a conical section, 2.00 mm from the horn tip. 
Detail dimensions and construction of the horn is shown in Figure 3.5. The ultrasonic 
horn is made of stainless steel, with the base surface mirror finished for attachment to the 
piezoelectric actuator. The horn displacement is 20 μm, and thus, it is very important to 
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minimize any gap that may exist between the horn base surface and the surface of the 
piezoelectric actuator to which it is attached.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: The ultrasonic horn. 
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Figure 3.5: The ultrasonic horn dimensions. 
 
3.2.2 THE PIEZOELECTRIC ACTUATOR 
The piezoelectric actuator provides the ultrasonic frequency and the energy to the 
horn needed to generate cavitation bubbles and to provide the oscillatory pressure field in 
the fluid. The actuator is made of piezoelectric ceramic material, Lead Zirconate Titanate 
(PZT) disks, stacked together and enclosed in a stainless steel housing to allow 
immersion in a dielectric fluid. Piezoelectric actuator stacks are capacitors that change 
shape when charged with high voltage. Increasing voltage increases the length of the 
stack up to a maximum strain of approximately 0.1% for typical maximum voltage of 
1000 V. The relationship between voltage and movement is approximately linear. 
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The piezoelectric actuator produces a nominal displacement of 24 μm with a 
frequency of 68 kHz at full drive voltage of 1000 V. A high voltage linear amplifier is 
used to drive the piezoelectric actuator. The piezoelectric actuator fast response (high 
bandwidth) depends on the amplifier current and power. The rapid mechanical 
displacement requires fast electrical charging and discharging of the piezoelectric 
capacitor. The peak current output of the drive amplifier determines the voltage rise time 
in the capacitor, which determines the motion response. It must be noted that Mechanical 
resonance of the piezoelectric actuator and the mechanical system may also limit 
bandwidth. Physical response is limited by the speed of sound, which determines the 
system resonant frequency.  
The oscillation of the transducer is intensified by the ultrasonic horn creating 
pressure waves in the liquid. This action forms microscopic bubbles (cavities), which 
expand during the negative pressure excursion, and implode violently during the positive 
excursion. It is this phenomenon, referred to as cavitation that produces the powerful 
shearing action at the horn tip, and causes the molecules in the liquid to become intensely 
agitated.  The PZT disk stack is illustrated in Figure 3.6 together with the piezoelectric 
actuator and the ultrasonic horn assembly. 
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Figure 3.6: The piezoelectric actuator and the ultrasonic horn assembly. 
 
3.2.3 UCA NOZZLE AND NOZZLE HOUSING 
The interior geometry of the nozzle section of the atomizer is very crucial in 
ensuring cavitation bubble growth and collapse.  The profile and detail dimensions of the 
axial cross-section of the nozzle interior geometry are shown in Figure 3.7. The 
dimensions of the nozzle interior profile are also tabulated in Table 3.1. The interior 
profile shows a precise nominal positioning of the ultrasonic horn tip to allow a horn 
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stroke length of 20 μm at a horn oscillation frequency of 60 kHz. The nominal position of 
the horn tip is at a cross section inside the nozzle such that the horn tip covers one-third 
of the cross-section of the liquid flow area.  
 
 
 
 
 
 
 
Figure 3.7: The dimensions of the nozzle interior geometry. 
 
 
TABLE 3.1: UCA Nozzle Dimensions. 
 
 
 
 
 
 
 
 
 
For ease of construction, the atomizer nozzle is constructed in five different parts 
namely: part 1-cap, part 2-nozzle, part 3- body, part 4-support, and part 5-end cap. The 
three-dimensional drawings of the parts are illustrated in Figure 3.8 a and b. Detailed 
Nozzle Dimensions (mm) 
D 0.15 L 1.20 
 Do 0.23 L1 0.15 
D1 0.15 L2 0.075 
D2 0.30 L3 0.30 
L4 1.725 
øD øD1 øD2 øD0
L L1 L2 L3
L4
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drawings and dimensions of the five parts are shown in Appendix A: part 1-cap 
comprises of L1, L2, and L3 shown in Figure 3.7.  Part 2-nozzle is comprised of L in 
Figure 3.7 and the main nozzle section of the atomizer. Part 3-body is the main atomizer 
body. Part 4-support is the support structure that holds the piezoelectric-horn assembly in 
place. Part 5-end cap houses the inlet port and is screwed onto the piezoelectric actuator 
and horn assembly. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 a: The UCA nozzle assembly.  
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Figure 3.8 b: The UCA nozzle assembly.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: A picture of the UCA atomizer assembly. 
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A picture of the actual nozzle is shown in Figure 3.9. The nozzle holes were 
drilled by chemical etching. O-rings are placed between the cap and the main body as 
well as between the end cap and main body to seal in the liquid and prevent leakage. 
 
3.3  OTHER AUTOMOTIVE PAINT SPRAY ATOMIZERS 
 This section provides a brief description of the other two automotive paint 
atomizers: the high-speed rotary bell and the High Volume Low Pressure (HVLP) air-
assisted atomizer. The following provides summary of these two atomizers. 
 
3.3.1 HIGH-SPEED ROTARY BELL ATOMIZER 
A high-speed rotary bell atomizer is generally a device in which liquid is supplied 
to the center of the rotating bell cup. The friction between the liquid and the bell cup wall 
causes the liquid to rotate at roughly the same speed as the bell cup. This rotary motion 
creates centrifugal forces within the liquid that induces it to flow radially outward toward 
the rim of the bell cup. If the rotational speed of the bell cup is sufficiently high, the 
liquid will arrive at the rim in a thin continuous film. The mechanism of disintegration of 
the film into droplets is affected by the size and geometry of the bell cup, its rotational 
speed, the liquid flow rate, and the physical properties of the liquid (Lefebvre, 1989; Im 
et al., 2001, 2004; Dominick and Thieme, 2006). 
The high-speed rotary bell atomizer pictured in Figure 3.10 has a 75 mm diameter 
bell cup with a serrated edge. Figure 3.11 shows a cut-off section of the rotary bell cup 
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with some details of the serrated cup lip. It has a wide range of operating conditions, but 
in these experiments the following conditions were tested: liquid flow rates of 100, 200, 
300, and 400 cc/min. For each liquid flow rate the bell cup rotation speeds of 20,000, 
30,000, 40,000, and 50,000 rpm were tested. The shaping airflow was not varied between 
trials, and electrostatic charging was not applied in these experiments. 
The liquid is supplied to the atomizer ring by the ring gap and moves toward the 
bell cup edge owing to the centrifugal and Coriolis forces created by the rotating bell cup. 
Many of the available bell cup variants have a similar means of paint flow division; 80% 
of the paint quantity is supplied to the atomizer rim by the ring gap. The remaining 20% 
of the volume flow passes through the central drilled hole on the front side of the 
distributor ring to effect a permanent rinsing of the bell cup surface and to prevent paint 
deposits on the distributor ring. Serration or circumferential knurls along the edge of the 
bell cup permit the paint film flowing over the surface of the bell disk to be divided into 
defined individual flows and ligaments that eventually break up into droplets (Im et al., 
2001).  
Turbine housing protects the drive unit of the high-speed rotary atomizer which is 
driven by compressed air. Behind the rotary bell cup, shaping air exits from about 40 
holes annularly arranged on the stationary housing. Shaping air is used primarily to 
support the transport of paint droplets, to stabilize the flow conditions around the 
atomizer, and to permit a precise alignment of the spray pattern by limiting the atomizing 
cone. 
 
 
 102 
 
 
 
 
  
 
 
 
 
 
Figure 3.10: The high-speed rotary bell atomizer. 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: A schematic of the cross-section of the high-speed rotary bell cup.  
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3.3.2 HIGH VOLUME LOW PRESSURE AIR-ASSISTED ATOMIZER 
The HVLP air-assisted atomizer used is ‘MICRO COAT’ Model MGB14 by 
Asahi Sunac Corporation of Japan.  It is a twin fluid atomizer which uses the kinetic 
energy of the flowing air stream to shatter the paint into ligaments and then into droplets. 
The HVLP air-assisted atomizer is an external mixing type. In the external mixing type of 
spray guns, a paint nozzle opening and an atomizing air dispensing annulus release 
outwardly from the atomizing head (Figure 3.12). The liquid paint flow dispensed 
through the paint dispensing nozzle is dispersed and atomized by the airflow which is 
diffused and blown around the paint flow.  
 
 
 
 
 
 
 
 
 
Figure 3.12: A schematic of the cross-section of the nozzle of HVLP. 
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The paint nozzle opening is located at the center facing to the outside of the 
atomizing head. An annular air hole is provided around the nozzle hole, and compressed 
air is blown at a pressure of 0.05-0.63 MPa as it surrounds the paint flow from the nozzle 
hole. The paint and the compressed air are dispensed separately and are mixed and 
atomized in front of and outside the atomizing head (Figure 3.13). 
 
 
 
 
 
 
 
 
 
Figure 3.13: HVLP air-assisted atomization. 
 
The HVLP air-assisted atomizer has lateral air holes provided on both sides, and 
compressed air is supplied from both sides to the spray flow in order to adjust the shape 
of the spray pattern (Figure 3.13). Consequently, a spray flow sprayed in a circular 
pattern at the center may be flattened by changing the airflow pressure and quantity from 
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the lateral air holes. In the case of this spray gun, better atomization is achieved when 
compressed air quantity (or pressure) is increased, such that the painted surface is 
provided with a higher quality finish as a consequence of the spraying of finer particles. 
A picture of the MICRO COAT HVLP air-assisted atomizer with explanation of major 
components is illustrated in Figure 3.14. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: A picture of the HVLP air-assisted atomizer. 
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CHAPTER FOUR 
4.0 EXPERIMENTAL PROCEDURES AND DISCUSSION OF RESULTS 
Chapter four examines the experimental procedures and results. A detailed 
analysis of the experimental procedure used in characterizing the Ultrasonic Cavitating 
Atomizer (UCA) prototype and the spray characterization results are offered in Section 
4.1. The experiment procedure and results for the novel infrared visualization and 
characterization technique for a liquid spray are presented in Section 4.2 for all three 
atomizers studied. 
  
4.1 CHARACTERIZATION OF THE ULTRASONIC CAVITATING 
ATOMIZER 
The UCA prototype was studied for a limited liquid injection pressure range of 
600-900 psi (4.1-6.2 MPa). The atomizer was tested at the liquid injection pressure 
settings of 600 psi (4.1 MPa), 700 psi (4.8 MPa), 800 psi (5.5 MPa), and 900 psi (6.2 
MPa). In addition, two liquid flow rate settings of 100 and 200 cc/min were considered 
under each liquid injection pressure setting.  
An experimental setup comprising of an in-house fluid delivery system was built 
for the testing of the UCA prototype. The fluid delivery system has a fluid reservoir, 
which contains the working fluid (in this case, water). The fluid system is affixed with a 
flow controller, a flow meter, a pressure gauge, and a filter. A schematic of the 
experimental setup is illustrated in Figure 4.1.  The setup includes the piezoelectric 
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actuator driver which is a linear amplifier and a function generator. An input voltage of 
10 V was supplied to the amplifier which amplifies the input voltage signal to 1000 V. 
This was used to drive the piezoelectric actuator to which the ultrasonic horn is attached, 
providing the required ultrasonic frequency. A pressure gauge and a filter which filters 
out anything larger than 40 μm was installed in the fluid supply line. Figure 4.1 also 
illustrates the setup with the Malvern Spraytec system which was used to measure the 
droplet size and the droplet size distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: A schematic of the UCA prototype experimental setup with the Malvern 
Spraytec system. 
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from a spray to be measured as it passes through a laser beam. The recorded scattering 
pattern is then analyzed using an appropriate optical model to yield a size distribution. 
The measurement process involves the following steps: 
1. The spray generated by the atomizing device is delivered between the two 
functional modules of the instrument, the transmitter and the receiver modules, 
then travels through the laser beam forming a measurement zone.  
2. The transmitter module uses a He-Ne (Helium-Neon) laser to produce a laser 
beam that passes through the spray delivered to the measurement zone. 
3. Detecting optics in the receiver module senses the light diffraction pattern 
produced by the spray, converting the detected light into electrical signals. 
4. These signals are processed by analogue and digital electronics boards and 
passed to the analysis software. 
5. The light diffraction pattern is analyzed using an appropriate scattering model to 
calculate the spray size distribution. 
 
4.1.1 THE UCA PROTOTYPE CHARACTERIZATION RESULTS 
The characterization results for the UCA prototype are offered in two sections as 
follows: Section 4.1.1.1 presents the external or macroscopic features of the spray 
produced by the UCA. This includes the description of the external spray features—such 
as the spray angle, spray pattern, and spray cross-section. Section 4.1.1.2 offers 
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microscopic features of the spray, which includes droplet size and droplet size 
distribution within the spray. 
 
4.1.1.1  MACROSCOPIC FEATURES OF THE UCA PROTOTYPE SPRAY 
The UCA prototype is a pressure atomizer which uses the energy created by the 
collapse of cavitation bubbles in concert with liquid pressure modulation to produce 
droplets. The UCA spray produces a full conical spray, with a circular cross section. The 
characteristic of the flow in pressure atomizers has been studied by several researches. 
Their results demonstrate that the spray angle is influenced by nozzle dimensions, liquid 
properties, and the density of the medium into which the liquid is sprayed (Lefebvre, 
1989). In these experiments, the working fluid is water, and the medium into which it was 
sprayed is ambient air.  
Upon application of an ultrasonic frequency of 60 kHz, the UCA prototype spray 
yields cone angles between 14o and 21o for a liquid flow rate of 100 cc/min and spray cone 
angles between 16º and 24º for a liquid flow rate of 200 cc/min. Under both flow rate 
conditions, the smallest cone angles were observed at 4.1 MPa and the largest at 6.2 MPa. 
The image of the UCA spray illustrating the cone angles for all liquid injection pressure 
settings are shown for the liquid flow rate of 100 cc/min in Figure 4.2 and for the liquid 
flow rate of 200 cc/min in Figures 4.3. 
For comparison, for each injection pressure and flow rate tested, two cases were 
considered: one with the piezoelectric actuator on at 60 kHz and the other with the 
actuator off.   
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Figure 4.2: The image of the UCA spray for a liquid flow rate of 100 cc/min with 
increasing liquid injection pressure at an ultrasonic frequency of 60 kHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: The image of the UCA spray for a liquid flow rate of 200 cc/min with 
increasing liquid injection pressure at an ultrasonic frequency of 60 kHz. 
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4.1.1.2 DROPLET SIZE AND SIZE DISTRIBUTION WITHIN THE UCA 
SPRAY  
The droplet size distribution within the spray generated by the UCA prototype are 
illustrated in Figure 4.4 for the liquid flow rate of 100 cc/min. Figures 4.4a, 4.4b, 4.4c, and 
4.4d correspond to the liquid injection pressures of 4.1, 4.8, 5.5, and 6.2 MPa, 
respectively. The corresponding SMD is shown in Figure 4.5. The plot for the droplet size 
distribution for a liquid flow rate of 200 cc/min is illustrated in Figure 4.6, with the 
corresponding SMD in Figure 4.7. Figure 4.6a, 4.6b, 4.6c, and 4.6d are the droplet size 
distributions for the liquid injection pressures of 4.1, 4.8, 5.5, and 6.2 MPa, respectively. 
The error bars in Figures 4.5 and 4.7 represent the standard deviation of the data.  
Figure 4.5 point out that under all four liquid injection pressure conditions at zero 
ultrasonic frequency there is an average standard deviation of about 0.9 indicating  
significant statistical variation of the SMD with time. Upon application of 60 kHz 
ultrasonic frequency, the standard deviation is still on the average about 0.9 for the liquid 
injection pressures of 4.1 and 4.8 MPa. On the other hand, this value decreased to about 
0.3 for both 5.5 and 6.2 MPa, indicating the stabilization of the spray. The energy created 
by the collapse of the cavitation bubble together with the oscillation of the exiting liquid 
jet, reduces the SMD, stabilized the spray, and minimized the variation in the SMD over 
time. On the average there is about a 9% drop in the SMD with the application of 60 kHz 
ultrasonic frequency to the flow. It is 10% for both 5.5 and 6.2 MPa liquid injection 
pressures.  Similar observations were made for the liquid flow rate of 200 cc/min, with 
the largest reduction in the SMD about 12% at 5.5 MPa. Overall, there is on the average, 
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a 10% reduction in the SMD upon the application of the ultrasonic frequency of 60 kHz 
for a liquid flow rate of 200 cc/min. 
 
 
 
Figure 4.4a: The volume frequency vs. the droplet diameter at a liquid flow rate of 100 
cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 4.1 MPa. 
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Figure 4.4b: The volume frequency vs. the droplet diameter at a liquid flow rate of 100 
cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 4.8 MPa. 
 
 
 
 
Figure 4.4c: The volume frequency vs. the droplet diameter at a liquid flow rate of 100 
cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 5.5 MPa. 
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Figure 4.4d: The volume frequency vs. the droplet diameter at a liquid flow rate of 100 
cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 6.2 MPa. 
 
 
 
 
Figure 4.5: The sauter mean diameter vs the liquid injection pressure at a liquid flow rate 
of 100 cc/min and ultrasonic frequencies of zero and 60 kHz. 
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Figure 4.6 (a): The volume frequency vs. the droplet diameter at a liquid flow rate of 200 
cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 4.1 MPa. 
 
 
 
 
Figure 4.6 (b): The volume frequency vs. the droplet diameter at a liquid flow rate of 
200 cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 4.8 
MPa.  
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Figure 4.6 (c): The volume frequency vs. the  droplet diameter at a liquid flow rate of 
200 cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 5.5 
MPa. 
 
 
 
 
Figure 4.6 (d): The volume frequency vs. the droplet diameter at a liquid flow rate of 
200 cc/min, with an ultrasonic frequency of 60 kHz, and a liquid injection pressure 6.2 
MPa. 
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Figure 4.7: The Sauter mean diameter vs the liquid injection pressure at a liquid flow 
rate of 200 cc/min and ultrasonic frequencies of zero and 60 KHz.  
 
Figure 4.8 shows a plot of the SMD against various ultrasonic frequencies at a 
liquid flow rate of 100 cc/min and a liquid injection pressure of 5.5 MPa. For the case of 
zero ultrasonic frequency, there is fluctuation of the SMD between 52 and 55 µm. The 
band of fluctuation of the SMD for 52-55 µm is considered at zero frequency and 5.5 MPa 
liquid injection pressure. Figure 4.8 demonstrates that the effect of ultrasonic cavitation 
and pressure modulation of the exiting liquid jet is minimal at all the frequencies tested 
except at the frequencies of 30 and 60 kHz. Only these two frequencies have a significant 
drop in the SMD outside of the band of fluctuation at zero ultrasonic frequency. However, 
30 kHz has more variation in the SMD than 60 kHz. Thus, 60 kHz is the recommended 
operational frequency for this prototype. 
 
35
40
45
50
55
60
65
70
4.1 4.8 5.5 6.2
Sa
ut
er
 M
ea
n 
D
ia
m
et
er
 (μ
m
)
Liquid Injection Pressure (MPa)
Zero Frequency
60 kHz Frequency
 118 
 
 
 
Figure 4.8: The sauter mean diameter vs the ultrasonic frequency at a liquid flow rate of 
100 cc/min and liquid injection pressure of 5.5 MPa. 
 
 Figure 4.9 shows a time history of the SMD of the UCA prototype performance. 
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the piezoelectric actuator and the SMD recorded. The piezoelectric actuator was turned 
on to monitor the effect of the cavitation and the pressure modulation phenomena on the 
spray atomization. The results show sudden drop in the SMD once the piezoelectric 
actuator is turned on for all liquid injection pressure settings. 
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Figure 4.9: A time history of the sauter mean diameter with and without ultrasonic 
frequency of 60 kHz. 
  
The result of the UCA which uses ultrasonic cavitation collapse energy and liquid 
pressure modulation to improve liquid jet disintegration to yield finer droplets have been 
offered. The tested parameters were horn frequency, liquid flow rate, and liquid injection 
pressure, and the results were presented. These results show that the UCA worked well in 
the reduction of the SMD at 60 kHz ultrasonic frequency, liquid injection pressure of 5.5 
MPa and higher, and the liquid flow rates of 100 cc/min and 200 cc/min that were tested. 
The UCA demonstrated improvement in the disintegration of an axisymmetric liquid jet 
showing promise for a new type of spray atomizer driven by cavitation energy. This new 
type of atomizer can be more energy efficient than the current pressure driven atomizers, 
since the new atomizer requires lower pressure to achieve the same level of atomization. 
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The UCA’s main design concept is the use of ultrasonic cavitation energy as a 
primary atomization mechanism. However, generation of cavitation bubbles at the 
ultrasonic horn tip was not explicitly measured in this experimental study. Thus a more 
detailed quantitative assessment on the role of cavitation on the atomization process 
within the UCA requires further study.  From the UCA prototype characterization result, 
it can be surmised that the ultrasonic cavitation and pressure modulation have significant 
impact on the liquid jet disintegration.   
 
4.2  INFRARED VISUALIZATION AND CHARACTERIZATION 
The experimental procedure and results for the novel infrared thermography-
based visualization and characterization technique developed for liquid sprays are 
presented in this section.  
 
4.2.1 EXPERIMENTAL SETUP 
A schematic of the experimental setup of the infrared thermography-based 
visualization and characterization technique is illustrated in Figure 4.10. The setup 
includes the paint applicator, the infrared camera, the radiation source, and a data 
processor.  The infrared energy radiated by the background is attenuated by the spray, 
and the attenuated image is captured by the infrared camera. 
To acquire high quality infrared images of the spray flow field, the blackbody 
background temperature was set at 30°C. This temperature setting was to allow for a 
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temperature difference between the coldest sections of the spray and the background not 
to exceed 10°C.  This is necessary for excellent temperature contrast needed to view 
details of the spray flow field using infrared imaging. The working fluid was generally at 
room temperature, with the average temperature measured at 22ºC. The background 
temperature was allowed to stabilize at the required temperature setting of 30ºC before 
measurements are made. Once the background temperature stabilizes at 30ºC, the 
atomizer was started, and the required operational conditions for which the measurements 
to be acquired are set. The spray was allowed to stabilize under these conditions before 
images are captured using the infrared camera. 
The captured infrared images are later post-processed using the MATLAB image 
processing toolbox. The temperature map of the spray flow field is expressed as a map of 
radiant flux per unit surface area (W/m2), using the following equation: 
4E Tεσ=           (4.1) 
where, ε is the emissivity of the blackbody background given as 0.96, σ is the Stefan-
Boltzmann constant, given as 5.670 x 10−8 W/m2∙ K4, and T the temperature measured by 
the infrared camera is express in Kelvin. 
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Figure 4.10: A schematic of the experimental setup for the infrared visualization and 
characterization technique. 
 
For each of the three atomizers studied, several conditions were tested and both 
the visualization and characterizations results are offered in the following sections. 
 
4.2.2  INFRARED VISUALIZATION RESULTS 
This section presents the visualization results for the three atomizers studied. Note 
that the infrared wavelengths are attenuated less than the visible wavelengths by the spray 
(Labs and Parker, 2003, 2006). This is attributable to the fact that the attenuation of the 
electromagnetic wave within a scattering and an absorbing medium like a liquid spray 
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with the same size distribution will decrease with increasing wavelength within the 
electromagnetic spectrum.  
 
4.2.2.1 HIGH-SPEED ROTARY BELL ATOMIZER VISUALIZATION 
RESULTS 
The infrared thermography-based visualization results for the high-speed rotary 
bell atomizer for a liquid flow rate of 100 cc/min at bell cup rotation speeds of 20,000, 
30,000, 40,000, and 50,000 rpm are shown in Figure 4.11a. Similar plots are repeated for 
a liquid flow rate of 200 cc/min in Figure 4.11b, a liquid flow rate of 300 cc/min in 
Figure 4.11c, and a liquid flow rate of 400 cc/min in Figure 4.11d.  
The infrared images are captured at 300 frames/sec for each bell cup rotation 
speed. It can be observed from Figures  4.11a, 4.11b, 4.11c, and 4.11d that at 20,000 rpm 
the liquid droplets in the spray travels farther in the  radial direction than the other 
rotation speeds. This behavior is explained in Figure 4.12. The shaping air, whose 
primary purposes are to support the transport of the paint droplets, stabilize the flow 
conditions around the atomizer, and permit a precise alignment of the spray pattern by 
limiting the atomizing cone, is supplied at a direction perpendicular to the trajectory of 
the liquid droplets.  
The droplets follow a radial trajectory because of the centrifugal force used in 
generating them. As a result of the presence of the shaping air, the resultant trajectory of 
the droplets then becomes a function of the inertia of the droplets and the force of the 
shaping air. The radial travel distance of the droplets reduces with increasing bell cup 
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rotation speed, because the larger droplets have more inertia which resist the momentum 
force of the shaping airflow. As droplet size reduces with increasing bell cup rotation 
speed, the droplets become more affected by the shaping airflow, and thus their radial 
travel is curtailed.  Note that the shaping airflow pressure was maintained constant, at 0.4 
MPa, for all the conditions tested to simulate a practical operational condition.   
 
 
 
 
 
 
 
 
 
 
Figure 4.11a: Infrared visualization of the high-speed rotary bell atomizer  showing 
increasing bell cup rotation speed for a liquid flow rate of 100 cc/min. 
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Figure 4.11b: Infrared visualization of the high-speed rotary bell atomizer showing 
increasing bell cup rotation speed for a liquid flow rate of 200 cc/min. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11c: Infrared visualization of  the high-speed rotary bell atomizer showing 
increasing bell cup rotation speed for a liquid flow rate of 300 cc/min. 
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Figure 4.11d: Infrared visualization of  the high-speed rotary bell atomizer  showing 
increasing bell cup rotation speed for a liquid flow rate of 400 cc/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: A schematic of the droplet trajectory in the high-speed rotary bell atomizer. 
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Figure 4.13 shows the SMD of the high-speed rotary bell atomizer for a liquid 
flow rate of 100cc/min as a function of bell cup rotation speed demonstrating that the 
SMD values decreases with increasing bell cup rotation speed. Figure 4.14 illustrates the 
plot of the droplet size distribution for a liquid flow rate of 100 cc/min at various bell cup 
rotation speeds. A leftward shift of the droplet size distribution is observed with 
increasing bell cup rotation speed, because the droplet size decreases with increasing bell 
cup rotation speed. 
 
 
 
Figure 4.13: The Sauter mean diameter of the high-speed rotary bell atomizer for a liquid 
flow rate of 100cc/min at various bell cup rotation speeds.  
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Figure 4.14: Droplet size distribution of the high-speed rotary bell atomizer for a liquid 
flow rate of 100 cc/min at various bell cup rotation speeds.  
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liquid flow rate condition tested because the trend is similar. Figures 4.11a, 4.11b,4.11c, 
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energy increases with increasing liquid flow rates. Figure 4.15 shows the infrared 
thermographic image of the high-speed rotary bell atomizer with a fixed bell cup rotation 
speed of 40,000 rpm for increasing liquid flow rate.  
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corresponding plot of the SMD is shown in Figure 4.16 where the SMD increases with 
increasing liquid flow rate at a constant bell cup rotation speed. To maintain the same 
SMD at increasing liquid flow rate, the bell cup rotation speed must be increased 
accordingly. 
 
 
 
   
 
 
 
 
 
 
Figure 4.15: Infrared visualization of the high-speed rotary bell atomizer spray  at a bell 
cup rotation speed of 40,000 rpm, showing increasing liquid flow rate. 
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Figure 4.16: The Sauter mean diameter of the high-speed rotary bell atomizer spray at a 
bell cup rotation speed of 40,000 rpm, showing increasing liquid flow rate. 
 
The high-speed rotary bell atomizer produces axisymmetric sprays, a cross 
section of which is illustrated in Figure 4.17. The cross-section at location a in Figure 
4.17 has the appearance of a hollow spray; a closer look reveals a toroid shape ring, the 
detail of which is shown in Figure 4.18, where the infrared images are taken at an angle. 
The interaction between the liquid droplets and the shaping airflow generate vortices 
which form a toroid shaped ring. The illustration of the toroid vortex tube generated as a 
result of this interaction is shown in Figure 4.12. Figure 4.17 shows that the toroid shape 
collapses into a full spray in the cross-section at location b further downstream from 
location a. 
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Figure 4.17: The cross-sectional area of the  high-speed rotary bell atomizer spray. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: A detailed structure of the toroid-shape inside the high speed rotary bell 
atomizer spray. 
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The toroid shaped vortex ring observed in the high-speed rotary bell atomizer 
spray is formed as a result of the interactions between the shaping airflow and the liquid 
droplets. The interaction between these two high speed flows impinging perpendicularly 
on each other creates a vortex motion. This vortex motion forms the toroid shaped vortex 
ring which exhibits periodic vortex shedding illustrated in Figure 4.19. Vortex shedding 
is an unsteady flow that takes place in special flow velocities. In this flow, vortices 
develop around the toroid-shaped vortex tube, created as a result of the interaction 
between the shaping airflow and the liquid droplets which detach periodically from either 
side of the main vortex tube. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4.19: The infrared image showing vortex shedding from the toroid shaped vortex 
tube. 
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To visualize a cross-sectional structure of the toroid-shaped vortex tube, a laser 
light sheet generated by a continuous wave laser is passed through a cylindrical lens and 
expanded to penetrate the central axial plane of the spray. The Shimadzu HPV-1 high 
speed camera, which is capable of recording images at one million frames per second, 
was used to obtain visible images of the central axial plane with a liquid flow rate of 200 
cc/min at various rotation speeds. The high speed images obtained at 125 frames/s are 
shown in Figure 4.20. 
 
 
 
 
 
 
 
 
Figure 4.20: A high speed visual image of  the high-speed rotary bell atomizer  showing 
increasing bell cup rotation speed for a liquid flow rate of 200 cc/min. 
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VISUALIZATION RESULTS 
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orientation of the measurement taken along the long axis of the fan-shaped spray (Figure 
4.21a) and the orientation of the measurement taken along the short axis of the fan-
shaped spray (Figure 4.21b).  
Unlike the high-speed rotary bell atomizer which produces axisymmetric spray 
patterns, the HVLP air-assisted atomizer generates a fan-shaped spray. By taking 
measurements of both orientations and using edge detection technique, the values of the 
major axis of the assumed elliptical cross-sectional area of the fan-shaped spray are 
estimated along the spray axis. With the major axis obtained, the depth of the spray, b, 
can be computed along the spray axis. The value of b is needed to compute the liquid 
volume fraction and the droplet number density (Equations 2.33 and 2.34). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21: A schematic of the cross section of the flat spray and the measurement 
orientation: (a) orientation for the long axis, (b) orientation for the short axis. 
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The infrared visualizations of the long axis of the spray generated by the HVLP 
air-assisted atomizer are shown in Figure 4.22 for the increasing liquid flow rate with all 
other parameters maintained constant. The corresponding infrared visualizations of the 
short axis of the spray from the HVLP air-assisted atomizer are shown in Figure 4.23. 
The SMD and droplet size distribution for these conditions are respectively presented in 
Figures 4.24 and 4.25. Figure 4.22 shows that the spray angle opens up with an increase 
in the liquid flow rate and keeping all other operational parameters constant. 
Correspondingly, in Figure 4.24 the SMD increases almost linearly with an increase in 
the liquid flow rate. Figure 4.25 shows a rightward shift of the droplet size distribution 
with an increase in the liquid flow rate.   
The infrared signal attenuation gets stronger as the droplet sizes and 
concentrations increase (Figure 4.23), demonstrated in the image of the short axis 
showing a much denser spray because the optical path length is longer. The increasing 
liquid flow rate shows a progressively denser core from a liquid flow rate of 100 cc/min 
to 400 cc/min, with the less dense core observed at a liquid flow rate of 100 cc/min, and 
the densest core observed at 400 cc/min.  
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Figure 4.22: Infrared themographic images of the long axis of the HVLP air-assisted 
atomizer, with increasing liquid flow rate at a fixed air pressure of 0.4 MPa.  
 
 
 
 
 
 
 
 
 
Figure 4.23: Infrared themographic images of the short axis of the HVLP air-assisted 
atomizer, with increasing liquid flow rate at a fixed air pressure of 0.4 MPa.  
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Figure 4.24: The Sauter mean diameter of the HVLP air-assisted atomizer with 
increasing liquid flow rate.  
 
 
Figure 4.25: Droplet size distribution of HVLP air-assisted atomizer at various flow 
rates.  
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Figure 4.26 shows the infrared images for the HVLP air-assisted atomizer 
illustrating the increasing spray angle as a result of increasing liquid flow rates while 
maintaining all other operational parameters. The spray angle at a liquid flow rate of 100 
cc/min was measured to be about 40º. For a liquid flow rate of 200 cc/min, the spray 
angle was determined to be about 50º and about 65º for a liquid flow rate of 300 cc/min. 
For a liquid flow rate of 400 cc/min, the spray angle was assessed to be about 70º.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: Infrared themographic images of the long axis of the HVLP air-assisted 
atomizer, with increasing liquid flow rate at a fixed air pressure of 0.4 MPa showing 
increasing spray angle.  
 
A careful observation of the infrared thermographic images obtained for the 
HVLP air-assisted atomizer measured along the short axis (Figure 4.23), reveals an 
expansion region just outside of the nozzle exit. The liquid jet emerging from the liquid 
nozzle opening comes into contact with the annulus atomizing air. Figure 4.27 show that 
the two-fluid mixture appears to expand just outside the nozzle exit, and then necking is 
observed before the spray begins to open up.  
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The lateral air supplied from both sides of the spray impinges on each other and is 
used to adjust the shape of the spray pattern. The impingement of the lateral pattern air 
creates a high pressure zone which forces the twin fluid mixture emerging from the 
nozzle to form a bottleneck at the region of the impingement. This constriction, as a 
result of an increased pressure zone, causes the jet upstream to expand creating the blob 
that is observed in Figure 4.27a and is explained by the illustration in Figure 4.27b.  
 
 
 
 
 
 
 
 
Figure 4.27: A schematic explaination of the expansion and necking in the infrared 
images along the short axis of the HVLP air-assisted atomizer: (a) the infrared image 
showing the bottleneck, (b) schematics explaining the phenomenon. 
 
4.2.2.3  ULTRASONIC CAVITATING ATOMIZER RESULTS 
The infrared thermographic images of the ultrasonic cavitating atomizer are 
shown in Figure 4.25 for a liquid flow rate of 100cc/min for an increasing atomizing 
pressure of 4.1, 4.8, 5.5, and 6.2 MPa.   A similar plot for a liquid flow rate of 200 cc/min 
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is shown in Figure 4.26 for increasing atomizing pressure. The ultrasonic cavitating 
atomizer produces a full conical axisymmetric spray with circular cross-section. The 
spray is not entirely axisymmetric and slightly skewed to the right because, difficulty in 
micro-scale precision fabrication caused the ultrasonic horn to be slightly placed off 
center inside the nozzle head. However, this slight off-center placement of the horn inside 
the nozzle head did not cause any serious concerns for the use of this prototype to 
validate the concept of neither the UCA atomizer nor the infrared thermography 
visualization technique in spray behavior. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28: Infrared images of the UCA spray with increasing liquid injection pressure 
at a liquid flow rate of 100 cc/min. 
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Figure 4.29: Infrared images of the UCA spray with increasing liquid injection pressure 
at a liquid flow rate of 200 cc/min. 
 
The infrared thermography-based visualization technique for liquid spray was 
developed and its performance demonstrated for the visualization of the spray generated 
by the UCA prototype and two different types of automotive paint sprayers: the high-
speed rotary bell atomizer and the HVLP air-assisted atomizer. Macroscopic features like 
spray pattern and angle, together with the flow structure in the entire spray flow field 
have been presented. Because the infrared band on the electromagnetic spectrum has a 
longer wavelength than visible light, allowing the infrared energy to be less attenuated in 
the spray than visible light for revealing more detailed information about the spray 
structure and concentration. This technique can be a useful tool in the development of 
new atomizers as well as in the understanding of the flow structure in existing ones. 
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4.2.3  VOLUME FRACTION AND NUMBER DENSITY RESULTS 
 The infrared thermography-based characterization data, which focuses primarily 
upon the estimation of the droplet number density and the liquid volume fraction inside 
the spray, is presented herein. To be able to estimate these two values, the droplet size 
information must be obtained via another method. Using Malvern Spraytec system to 
acquire this information, the droplet number density and the liquid volume fraction are 
obtained from the infrared images using equations derived earlier (Equations 2.33 and 
2.34). The results are presented here for all three atomizers studied. 
 
4.2.3.1 THE VOLUME FRACTION AND THE NUMBER DENSITY 
RESULTS FOR HIGH-SPEED ROTARY BELL ATOMIZER 
The droplet size measurements are made along the spray center line 150 mm 
downstream from the rotary bell cup exit, using the Malvern Spraytec system.  The 
images are analyzed at a pixel location corresponding to the measurement volume of the 
Malvern Spraytec system. With the SMD ( 32D ) obtained, the liquid volume fraction vf  is 
calculated at the chosen pixel location using Equation (2.31). The corresponding droplet 
number density is obtained from Equation (2.32). The data were processed and averaged 
in time over 900 frames obtained at 300 frames/s.  
Figure 4.30 compares the liquid volume fraction and the SMD as a function of 
bell cup rotation speed at a pixel location on the spray centerline 150 mm from the 
rotating bell cup tip for a fixed liquid flow rate of 100 cc/min. Figure 4.31 compares the 
droplet number density and the SMD as a function of bell cup rotation speed at a pixel 
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location on the spray centerline 150 mm from the rotating bell cup tip for a fixed liquid 
flow rate of 100 cc/min. Similar results for a liquid flow rate of 400 cc/min are shown in 
Figures 4.32 and 4.33 for the liquid volume fraction and the droplet number density, 
respectively. The trend for both liquid flow rates was similar, with both the liquid volume 
fraction and the SMD decreasing while the bell cup rotation speed was increasing. On the 
other hand, the droplet number density increased with decreasing SMD and increasing 
bell cup rotation speed. 
As the droplet size reduced, the liquid volume fraction vf , which is defined as the 
ratio of equivalent volume of the liquid to a given volume of the gas and liquid mixture, 
decreased accordingly. This occurred because as the spray mixture became finer, air 
(which is the continuous medium) fills in between the droplets, consequently causing the 
volume fraction to reduce. Similarly, the droplet number density, which is defined as the 
number of liquid droplets per unit volume, increases with decreasing droplet size. This is 
attributable to the fact that as the spray becomes finer, the number of liquid droplets 
occupying a given volume in the spray increases as bigger droplets breakdown to form 
smaller droplets, the number count per unit area increases. 
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Figure 4.30: A comparison of the liquid volume fraction and the Sauter mean diameter 
for the high-speed rotary bell atomizer showing increasing bell cup rotation speed for a 
liquid flow rate of 100 cc/min. 
 
 
Figure 4.31: A comparison of the droplet number density and the Sauter mean diameter 
for the high-speed rotary bell atomizer showing increasing bell cup rotation speed for a 
liquid flow rate of 100 cc/min. 
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Figure 4.32: A comparison of the liquid volume fraction and the Sauter mean diameter 
for the high-speed rotary bell atomizer showing increasing bell cup rotation speed for a 
liquid flow rate of 400 cc/min. 
 
 
 
Figure 4.33: A comparison of the droplet number density and the Sauter mean diameter 
for the high-speed rotary bell atomizer showing increasing bell cup rotation speed for a 
liquid flow rate of 400 cc/min. 
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Figure 4.34, compares the liquid volume fraction and the SMD as a function of 
liquid flow rate at a pixel location on the spray centerline 150 mm from the rotating cup 
tip for a fixed bell cup rotation speed of 40,000 rpm. Similarly Figure 4.35 compares the 
droplet number density and the SMD as a function of liquid flow rate at a pixel location 
on the spray centerline at 150 mm from the rotating bell cup tip for a fixed bell cup 
rotation speed of 40,000 rpm. The SMD, the liquid volume fraction, and the droplet 
number density all increase with increasing liquid flow rate at a fixed bell cup rotation 
speed of 40,000 rpm.  
 
 
 
Figure 4.34: A comparison of the liquid volume fraction and the Sauter mean diameter 
for the high-speed rotary bell atomizer showing increasing liquid flow rate for a fixed bell 
cup rotation speed of 40,000 rpm. 
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Figure 4.35: A comparison of droplet number density and the Sauter mean diameter for 
the high-speed rotary bell atomizer showing increasing liquid flow rate for a fixed bell 
cup rotation speed of 40,000 rpm. 
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at 300 frames/s. The standard deviations for the measurement are shown as error in the 
plot.  
Figure 4.36 compares the average liquid volume fraction and the average SMD as 
a function of liquid flow rate at a pixel location on the spray centerline 100 mm from the 
nozzle exit for a fixed air pressure of 0.4 MPa. Similarly, Figure 4.37 compares the 
average droplet number density and the SMD as a function of liquid flow rate at a pixel 
location on the spray centerline at 100 mm from the nozzle exit for an air pressure of 0.4 
MPa. The SMD and the liquid volume fraction increases with increasing liquid flow rate. 
The droplet number density, on the other hand, decreases with increasing liquid flow rate.  
 
Figure 4.36: A comparison of the liquid volume fraction and the Sauter mean diameter 
for HVLP air-assisted atomizer showing increasing liquid flow rate at a fixed air pressure 
of 0.4 MPa. 
 
 
0
5
10
15
20
25
30
35
0.0E+00
1.0E-07
2.0E-07
3.0E-07
4.0E-07
5.0E-07
6.0E-07
7.0E-07
8.0E-07
9.0E-07
100 200 300 400
Sa
ut
er
 M
ea
n 
D
ia
m
et
er
 (μ
m
)
Li
qu
id
 V
ol
um
e 
Fr
ac
tio
n
Liquid Flowrate cc/min
Liquid Volume Fraction
SMD
 149 
 
Figure 4.37: A comparison of the droplet number density and the Sauter mean diameter 
for HVLP air-assisted atomizer showing increasing liquid flow rate at a fixed air pressure 
of 0.4 MPa. 
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the spray produced by both atomizers. Infrared visualization of the spray from both 
atomizers with increasing liquid flow rate is shown in Figures 4.15 and for the high-speed 
rotary bell atomizer and in Figure 4.22 for the HVLP air-assisted atomizer. Figure 4.15 
illustrates that with increasing liquid flow rate; the high-speed rotary bell atomizer 
generated, occupies about the same space and maintained its shape. Implying that the 
spray becomes denser and increasing droplet number densities with increasing flow rates. 
As the spray generated by the HVLP air-assisted atomizer opens up in Figure 4.22, the 
spray pattern becomes larger, and the spray angle grows from 40º at the liquid flow rate 
of 100 cc/min to 70º at a liquid flow rate of 400 cc/min. As a result, the area of the spray 
becomes larger with increasing liquid flow rate. Under this condition, with increasing 
droplet sizes and liquid flow rates, the spray becomes less dense, and decreases in droplet 
number density. 
 
4.2.3.4 VOLUME FRACTION AND NUMBER DENSITY RESULTS FOR 
THE ULTRASONIC CAVITATING ATOMIZER 
 
The droplet size measurements for the UCA were made along the spray center 
line axis at 75 mm downstream from the nozzle exit using the Malvern Spraytec system. 
The images are analyzed at a pixel location corresponding to the measurement volume of 
the Malvern Spraytec system. With the 32D obtained, the liquid volume fraction vf  is 
calculated at the chosen pixel location using Equation (2.31). The corresponding droplet 
number density is obtained from Equation (2.32). The data were processed and averaged 
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in time over 900 frames obtained at 300 frames/s. The standard deviations for the 
measurement are shown as error in the plot.  
Figure 4.38 compares the average liquid volume fraction and the average SMD as 
a function of liquid injection pressure at a pixel location on the spray centerline 75 mm 
from the nozzle exit for a fixed liquid flow rate of 100 cc/min. Figure 4.39 compares the 
average droplet number density and the SMD as a function of the liquid injection 
pressure at a pixel location on the spray centerline at 75 mm from the nozzle exit for a 
liquid flow rate of 100 cc/min. Both the liquid volume fraction and the droplet number 
density increase with increasing liquid injection pressure and decreasing SMD.  Figures 
4.40 and 4.41 plot corresponding graphs for a liquid flow rate of 200 cc/min. 
 
 
 
Figure 4.38: A comparison of the liquid volume fraction and the Sauter mean diameter 
for UCA atomizer showing increasing liquid injection pressure at a fixed liquid flow rate 
of 100 cc/min. 
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Figure 4.39: a comparison of the droplet number density and the Sauter mean diameter 
for UCA atomizer showing increasing liquid injection pressure at a fixed liquid flow rate 
of 100 cc/min. 
 
Figure 4.40: A comparison of the liquid volume fraction and the Sauter mean diameter 
for UCA atomizer showing increasing liquid injection pressure at a fixed liquid flow rate 
of 200 cc/min. 
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Figure 4.41: a comparison of the droplet number density and the Sauter mean diameter 
for UCA atomizer showing increasing liquid injection pressure at a fixed liquid flow rate 
of 200 cc/min. 
 
The novel infrared-thermography-based visualization and characterization 
technique for liquid spray has been developed based on the extinction of the infrared 
energy emitted by a background which travels through the spray before reaching the 
detector. The technique was demonstrated on the three atomizers studied in this 
dissertation. The liquid volume fraction and the droplet number density of the sprays 
generated from these atomizers were estimated from the visualization data with the SMD 
acquired via the Malvern Spraytec system. The method presented here is a novel tool 
where qualitative information about the spray flow field is required. 
Copyright © Nelson K. Akafuah 2009 
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CHAPTER FIVE 
5.0 CONCLUSIONS AND RECOMMENDATIONS  
In this dissertation the design, the fabrication, and the characterization of a new 
atomizer—the ultrasonic cavitating atomizer (UCA) was presented. In addition, a novel 
infrared thermography-based visualization and characterization technique for liquid 
sprays was developed and demonstrated on the UCA and two other automotive spray 
atomizers—the high-speed rotary bell atomizer and the high volume low pressure air-
assisted atomizer. Section 5.1 summarizes the UCA atomizer design, fabrication, and 
characterization. Section 5.2 discusses the outcome of the infrared thermography-based 
visualization and characterization technique. 
 
5.1 ULTRASONIC CAVITATION ATOMIZER FABRICATION AND 
CHARACTERIZATION 
This dissertation offered the development and the characterization of an atomizer 
that uses pressure modulation and energy generated by the collapse of cavitation bubbles 
for the atomization of a low viscosity Newtonian liquid, such as water. In this context, a 
thorough review of the effect of cavitation, together with other influencing parameters, 
such as nozzle turbulence and geometric effects on the disintegration of round liquid jets 
were offered. To develop an energy efficient atomizer, the use of high frequency 
oscillations by means of an ultrasonic horn placed inside the nozzle, combined with 
cavitation phenomena were considered. The motion of the oscillating horn structure 
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induces pressure modulation on the exiting liquid jets. Details concerning the 
characteristic behavior of modulated jets were analyzed by deriving analytical relations 
of the oscillating pressure fields on the growth and collapse of cavitation bubbles. 
Detailed design and fabrication of the prototype, the characterization and the 
visualization results were presented.  These parameters—ultrasonic horn frequency, 
liquid flow rate, and liquid injection pressure—were varied, and the results were 
presented. The new atomizer offered improvement in the liquid jet disintegration process 
by reducing the Sauter Mean Diameter. Upon application of an ultrasonic frequency of 60 
kHz and various liquid injection pressures, the Sauter Mean Diameter was observed to 
have been reduced by 10%, on average, for both liquid flow rates tested. 
The UCA’s main design concept is the use of ultrasonic cavitation energy as a 
primary atomization mechanism. However, the generation of cavitation bubbles at the 
ultrasonic horn tip was not explicitly measured in this experimental study. Thus, a more 
quantitative assessment on the role of cavitation on the atomization process within the 
UCA requires further study.  The fabrication of the UCA also posts some difficulties that 
were not fully overcome in the current prototype presented in this dissertation. These 
difficulties include the complexity of manufacturing the nozzle section of the atomizer, 
the placement of the horn within the nozzle head in such a manner so as to ensure 
concentricity with the nozzle opening, and the ability to visualize the cavitation process. 
The above mentioned difficulties are recommendations for future work on this 
atomizer. These difficulties, however, did not affect the initial motivation of creating an 
atomizer that utilizes the combined effects of pressure modulation and cavitation collapse 
energy on the disintegration of the cylindrical liquid jet.  
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5.2 INFRARED CHARACTERIZATION AND VISUALIZATION 
TECHNIQUE 
A novel visualization and characterization technique that uses an infrared-
thermography-based method was developed for liquid sprays. The method uses an 
infrared camera as a receiver and a uniformly heated background as a thermal radiation 
source. The technique provides images in which the value associated with each pixel 
accounts for the amount of infrared energy emitted by the source and attenuated by the 
spray. As a consequence of the scattering and absorption taking place, the attenuation of 
the infrared energy occurs, and the infrared detector receives a reduced signal.  
The performance of the method was tested using three different types of 
atomizers: the high-speed rotary bell atomizer, the low pressure air atomizer, and the 
ultrasonic cavitating atomizer. Macroscopic features like spray pattern and angle, 
together with the flow structure in the entire spray flow field, were obtained and 
presented.  Several theoretical and empirical correlations were derived from which the 
liquid droplet volume fraction and the liquid droplet number density of the spray were 
estimated from the visualization data with the SMD acquired via the Malvern Spraytec 
system. 
The visualization method presented here has an advantage over visual 
photography in the sense that, radiation with wavelength in the visible band of the 
electromagnetic spectrum is attenuated more than radiation with wavelength in the 
infrared band. As a result, the method presented in this dissertation has the potential to 
reveal detailed structure inside a medium than visible photography. The new technique 
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offers a unique application of the infrared transmission mode widely used in non-
destructive testing to view a multiphase medium.   
In summary, the results presented herein demonstrate that this new technique has 
great promise in the qualitative characterization of sprays. As compared to other optical 
methods available, this new technique is easy to setup and takes very little time to acquire 
a high quality image of the spray. It can be applied in environments where current laser-
based illumination photographic methods cannot be used, making a real-time and in-
process imaging of spray transfer process possible. 
 
5.3 CONTRIBUTION OF THIS DISSERTATION 
In summary, this study provided the following contributions to the research 
community: 
(1) A novel atomization technique that uses the energy created by the collapse of 
ultrasonically generated cavitation bubbles together with the oscillation of the 
exiting liquid jet to enhance the disintegration the liquid jet. 
(2) A novel infrared thermography-based visualization method for the study of 
droplet transport within a spray. The method demonstrated the capability of 
revealing more internal structures of a liquid spray than any currently 
available visual photographic methods. This new method allows for real-time 
and in-process imaging of the spray droplet transfer process. 
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(3) The research offers a novel infrared thermography-based particle 
characterization method for the estimation of the liquid volume fraction and 
the liquid droplet number density inside a spray.  
(4) The method demonstrates the use of infrared thermography in an area that has 
not been used before. Appendix B thus provides some suggested research 
areas in which this technique can be used. Some simple experiments were 
performed, and the results presented to demonstrate the concept. 
Copyright © Nelson K. Akafuah 2009 
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APPENDICES  
APPENDIX A: DETAIL DIAGRAM AND DIMENSIONS OF THE ULTRASONIC 
CAVITATING ATOMIZER 
This appendix presents the detailed drawings and dimensions of the five main 
parts that makes up the ultrasonic cavitating atomizer. These parts are: part 1 – Cap, part 
2 – Nozzle, part 3 – Body, part 4 – Support, and part 5 – End Cap.   
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APPENDIX B: SOME RESEARCH AREAS FOR INFRARED VISUALIZATION 
TECHNIQUE 
The infrared thermography-based visualization technique developed in this 
dissertation is a useful tool in the visualization of thermal flow processes. Simple 
experiments were conducted to demonstrate the use of this technique in the visualization 
of buoyancy-driven and momentum-driven thermal plumes.  
In the buoyancy driven thermal plume, buoyancy is induced by the combined 
presence of a fluid density gradient and a body force that is proportional to the density. In 
practice, the body force is usually gravitational, although it may be a centrifugal force in 
rotating fluid machinery or a Coriolis force in atmospheric and oceanic rotational 
motions. There are several ways in which a mass density gradient may arise in a fluid, but 
for the most part, it is the result of the presence of a temperature gradient. To demonstrate 
the ability of the technique developed in this work to visualize a buoyancy driven plume, 
we considered the following: (1) the thermal plume above a candle flame (Figure B-1), 
(2) the thermal plume above a butane lighter (Figure B-2), and (3) the thermal plume 
developed above a horizontally-placed soldering iron (Figure B-3). 
The candle flame shown in Figure B-1a was enclosed to minimize disturbance of 
the airflow in the room. The infrared thermal image shows the plume above the candle 
flame to be laminar within the field-of-view (FOV).  A candle flame is one of the oldest 
functional combustion systems developed primarily as a source of light. The candle flame 
is a model convective-diffusive flame in normal gravity theory and experiments. Figure 
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B-1b shows a contour plot of the candle flame, and Figure B-1c the visible image of the 
candle flame.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-1a: Infrared image of candle flame showing thermal plume, (b) contour plot of 
thermal image of candle flame, and (c) visible image of candle flame. 
 
Figure B-2 shows the infrared thermal image of the flame from a disposable 
butane lighter. Unlike the candle flame, the butane lighter flame was not enclosed and the 
thermal plume generated above the flame quickly became turbulent. The turbulent 
behavior which is not observable in the visible image was captured by the infrared image. 
A coherent vertical motion can be seen above the flame. Figure B-2b shows a contour 
plot of the flame, and Figure B-2c illustrates the visible image.   
 
 
c 
b a 
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Figure B-2a: Infrared image of butane lighter showing thermal plume around flame, (b) 
contour plot of thermal image of butane lighter flame, and (c) visible image of butane 
lighter. 
 
 
The third buoyancy-driven flow case considered was generated by a heated 
horizontally-placed soldering iron. Figure B-3a shows the thermal image, and the Figure 
B-3b reveals the contour plot of the image.  
 
 
 
 
b a 
c 
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Figure B-3a: Infrared image of thermal plume above a horizontally-placed soldering iron 
and (b) contour plot of thermal image of thermal plume above a horizontal soldering iron. 
 
 
 
For a momentum-driven thermal flow, a heat gun is used. A heat gun is a device 
used to emit a stream of hot air. They are superficially similar in shape and in 
construction to a hair dryer, although they run at much higher temperatures. Heat guns 
can be used to dry and strip paint, apply heat shrink tubing, apply shrink film, dry out 
damp wood, bend and weld plastic, soften adhesives, and thaw frozen pipes. They are 
also used in electronics to de-solder circuit board components. They typically output air 
at temperatures ranging from 100-550°C (200-1000°F) with some hotter models running 
around 760°C (1400°F). Some have a rest, so they can be activated and placed on a 
workbench, which frees the operator's hand. Heat guns can have nozzles which deflect 
their air for various purposes, such as concentrating the heat on one area, as in the case of 
thawing a pipe without heating up the wall behind. 
When momentum effects are more important than density differences and 
buoyancy effects, the plume is usually described as a jet. In Figure B-4 we have the 
thermal jet from the heat gun at a low speed setting. Figure B-5 illustrates the effects for a 
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high speed setting. Figure B-4a demonstrates the thermal image, and Figure B-4b 
illustrates the contour plot. Similarly Figure B-5a and b demonstrates the thermal image 
and contour plot, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-4a: Infrared image of thermal jet from heat gun at low speed setting and (b) 
contour plot of thermal jet from heat gun at low speed setting   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-5a: Infrared image of thermal jet from heat gun at high speed setting and (b) 
contour plot of thermal jet from heat gun at high speed setting   
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